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Paper No. 2388 


THE MUNICIPAL ASPHALT PLANT, 
BOROUGH MANHATTAN 


The Municipal Asphalt Plant the Borough Manhattan (New York, 
Y.) situated modern, fashionable, residential area. Why such site 
was selected discussed briefly. The various factors involved the final 
acceptance the plant good neighbor—such the character and operation 
the equipment and machinery installed, the new operational procedures 
developed, the adaptation unique machinery, and the use large 4-ton 
batch mixers—are separately developed. Manufacturing costs covering 
year operation during 1944 and 1945 are compiled and presented. 

The conclusions indicate that the foresight and courage the planners 
the plant, selecting the site and utilizing the modern equipment, are amply 
repaid the efficient and economical operation the plant. 


INTRODUCTION 


the Franklin Roosevelt Drive (East River Drive) East 90th Street 
New York, facing the East River and Hell Gate Bridge, stands building 
which compels attention its unusual design (Fig. 1). Overlooking 
Gracie Mansion, residence the mayor the City New York, beside 
two sides are towering apartments with gardens and penthouses, and the 
other side park playground. This unique building, this beautiful setting, 
the Municipal Asphalt Plant the Borough Manhattan, dubbed the 
“Cathedral Robert Moses, Commissioner the Department 

realizing its purpose many questions arise. Why was asphalt plant 
built such highly developed area? How does overcome the objectionable 
characteristics that make other asphalt plants unacceptable similar areas? 


November, 1948, Proceedings. Positions and titles given are those effect 
when the paper discussion was received for publication. 
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ASPHALT PLANT 


Why was this plant built area such high development? The plant 
manufacturing enterprise, and must consequently meet the basic principles 
every manufacturing enterprise successful. These basic princi- 
ples require that ready access abundant supply raw materials 
available, that the manufacturing process simple and economical 


possible, and that easy method distribution its products broad 
market provided. Having provided for these fundamentals, also neces- 
sary for them maintained economic equilibrium ever changing condi- 
tions require. The choice any plant site, therefore, predicated almost 
entirely balance between the source raw materials and the distribution 
the finished products—with all the ramifications transportation, handling, 
and storing materials involved. 


SITE 


the Borough Manhattan there prevail certain conditions which must 
weighed the balance achieved. There, all the raw materials are 
predominantly available barge delivery, making waterfront site essential. 
Furthermore, because asphaltic paving mixtures the hot plant-mix type 
cannot stored, essential that rapid, comparatively short hauls the site 
their application provided. addition, the output this plant gen- 
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erally utilized for maintenance and repair work, that the need for complete, 
economical coverage the entire area serviced must also considered. 
Bearing these conditions mind while glancing map Manhattan, 
which shows island some miles length and varying width from about 
mile becomes quite evident that site either the East River 
the North River between 72d Street and 110th Street would most satis- 
factory. examination these areas discloses that the North River 
side unavailable, and that the East River side may utilized under certain 
conditions. The North River side cannot used because the absence 
commercial waterfront areas offshore the Henry Hudson Drive. the East 
River side the extension the East River Drive proposed through this area 
complete another link the circumferential highway system the island. 


ELECTRICAL 


However, between 92d Street and 98th Street commercial area provided 
wherein the plant may located. rezoning areas along the 
drive contemplated reclaim the area into highly restricted districts. The 
dividing line runs through 90th Street, with provision for adjustment the 
unrestricted zone the north. The old asphalt plant (since razed) was also 
situated 90th Street. Thus, this site was retained for the new plant 
first choice. 

Even though this area would favorable most efficient operation, other 
areas were studied where adjustment the plant district 
would not necessary, and where perhaps some efficiency distribution could 
forfeited less expensive accommodations than those required the 90th 
Street site. line with this program, sites 132d Street the Harlem River 
32d Street the East River were studied. These sites were within 
the proposed commercial areas provided conjunction with the layouts the 
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East River Drive and the Harlem River Drive. After exhaustive studies these 
sites were rejected for several reasons, among which were the curtailment and 


the combining commercial areas along the river front enhance the beauty 


the drive and yield better efficiency waterfront operations. in- 
fringe upon already limited waterfront operations private industry would 
offset the desired efficiency and further limit barge delivery materials, not 
only private plants, but also the asphalt plant. Thus, the 90th Street 
site the East River was finally selected the site the new asphalt plant 
because the ideal relationship between the source and the distribution 
its materials. 

Realizing the anticipated change the vicinity the selected site, particu- 
larly with regard the construction garden apartments the south side 
90th Street, and the East River Drive its door, became apparent 
that the conventional asphalt plant could not used. Conferences between 
the architects the garden apartments, the East River Drive, and the 
plant developed layout and design which was mutually 
surances were given the owners the apartments that annoyance 
arise from the plant which would make tenancy the apartments objectionable. 
somewhat the modern trends indicated the New York World’s 
Fair (1939), the design the building was developed wholly distinct from con- 
ventional lines. The design blends beauty with utility providing efficient 
housing for the equipment (Fig. 2). The layout the plant (Fig. provides 
for dockside facilities within park-like enclosure, wherein the gantry crane 
and the low receiving hopper for the materials are located. The connection 
between the dockside and the plant made tunnel beneath the drive. 
There also provided large storage-bin building enclose the raw materials, 
thereby not only eliminating the usual unsightly mounds sand and stone, 
but also protecting these materials from the weather. these innovations 
the plant, far aesthetic standards are concerned, becomes acceptable 
the residents near by, and blends into the general beauty the landscape. 

The manner which this plant overcomes the objectionable characteristics 
of-other plants—such noise, dust, and smoke—involves nearly every step 
the manufacturing process. determine how this accomplished, each step 
the process reviewed separately. 


Raw 


Sand and raw materials used the plant are sand, stone, 
mineral filler, asphaltic cement, and fuel oil. The sand obtained under rigid 
for character and gradation from sources around Port Washing- 


ton (Long Island) South River, The crushed stone, usually lime- 


stone, similarly secured under from the upper Hudson River 
Valley. Both materials are delivered alongside the dock area barges 
from 600-cu-yd capacity 1,000-cu-yd capacity. 

The storage-bin building, wherein the materials are stored, contains bins— 
bin 3,000-cu-yd capacity for asphalt sand; 2,000 cu-yd capacity for 


Sand,” 24-S-35-S, Board Standardization, Dept. Purchase, City New York, 
Yor 

ification for 24-A-20-S, Board.of Standardization, Dept. Purchase, City 
New New York, 1045. 
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broken stone; 1,000-cu-yd capacity for concrete, sand, and stone; and 
coal bin 200-ton capacity. 
The various materials are transferred gantry crane from the barge 
hopper, which feeds the main conveyor belt. This belt located tunnel 
under the East River Drive and carries the material enclosed incline 
the top the bins, where discharges upon distribution system consisting 
reversible cross and transfer conveyors, and three movable, reversible shuttle 
conveyors that discharge the materials into their respective bins. The entire 
system has capacity 100 tons per and operated five men—two 
barge trimmers, one craneman, and two belt operators. 
With the exception the crane, the entire system enclosed. The only 
part that visible the transfer from the barge the hopper, where the 
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material seemingly disappears. Inasmuch the entire system electrically 
driven virtually noiseless. 

Asphaltic Cement.—The asphaltic cement (AC) received alongside the 
dock barges with capacities from 50,000 gal 60,000 gal. The dockside 
sufficient length, and the hopper and intake are situated that the 
unloading barges both aggregate and may carried simultaneously. 
Steam pumps the barge, which steam furnished tug, pump the 
through electrically heated lines the storage and service tanks (total 
capacity 120,000 gal), which are situated the main plant building (Fig. 2). 

From the intake the pipe line runs pipe gallery underground along the 
dock the conveyor tunnel, thence along the wall the tunnel the plant 
building, wherein valving provided convey the any one, several, 
the tanks. 

The pipe lines are constructed 4-in., continuous, welded steel pipe. 
Instead the usual steam jacketing, the pipes are fitted with heating 
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units strapped the underside the pipe. The pipe and the heating units 
are covered sheet metal covering and 2-in. asbestos insulation. Fittings, 
valves, and other pipe appurtenances are suitably fitted with heaters 
and insulation. Electrical thermostats (manually adjusted) are installed 
the line strategic points for automatic temperature control. Details 
these heating elements will found the original manuscript which this 
paper based, which file the Engineering Societies Library. 

With the lines heated, the connections between barge and line completed, 
and the tank distribution valves set, pumping begins. The usually 
delivered temperature‘ ranging from 280° 330° Within this tem- 
perature range the pumping rate varies from 14,000 gal per 15,000 gal per 
for 60-70 penetration AC. When the temperature falls below 270° the 
pumping rate falls rapidly, heavy overload placed the pump, and heavy 
vibration synchronous with the pump pulsations induced the pipe line. 
These vibrations when heavy are dangerous, because welds fittings and 
bends may weakened broken, although has been pumped tem- 
perature low 250° pumping rate from about 4,000 gal per 
5,000 gal Pumping from 300° 310° seems best, for this 
temperature flows smoothly and rapidly into the tanks with very little 
vaporization. 

Mineral Dust mineral dust filler used the plant powdered 
limestone dolomite filler meeting the requirements the New York City 
Transfer the filler from the barge the silos the plant 
accomplished several methods—all which utilize the pumping the dust 
but differ the manner delivering the cargo alongside. Mineral dust filler 
may received alongside special pier either bulk barges less-than- 
carload containers placed deck barges. When bulk cargoes 
the dust pump handles the dust directly the-barge; when container shipments 
are received handles the material unloaded from the containers. 

The mineral dust pumped through 6-in., extra heavy, flanged steel pipe, 
extending from the pump the silo, distance 450 lin (including 85-ft 
lift). the heads the silos series valves distributes the dust into the 
proper silo. 

Each silo, about diameter, high, and constructed concrete 
black, has capacity 225 tons pumped and about 275 tons after settlement. 
Each provided with bag dust collector the point where the pumping air 
exhausted. 

the less-than-carload container type delivery, containers are 
loaded onto deck barge such fashion that air and dust discharge hoses may 
readily attached. Each container carries about tons dust. this 
method, the discharge the dust from the containers the silos accom- 
plished two successive steps. the first step, the dust transferred from 
the container auxiliary dust tank; the second, fed from the tank 


for Cement,” 24-A-7-S, Board Standardization, Dept. Purchase, City 
New New York, 

“Specification for Board Standardization, Dept. Purchase, City 
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box enclosing the pump stationary position, from which the pump blews 
the dust the silos. The function the auxiliary tank temporarily 
collect the dust and control its flow the pump. 

Comparing the two methods under existing plant conditions, the container 


system delivery was found the more efficient. bulk deliveries 


quantities from less than 400 tons 500 tons per shipment are uneconomical. 
Inasmuch the storage capacity the plant limited 700 tons dust 
pumped and 800 tons dust settled, the reserve storage supplies must 
drawn very low provide space for these large shipments. Furthermore, the 
time lost making displacement measurements, putting the pump into the 
barge, removing doors (which invariably jam), permitting dust settle 
silos, unloading the pump, and completing measurements adds rapidly 
that from days days are required unload 500-ton barge. full plant 
production the material would used almost fast was pumped, 
leaving reserves. The maintenance sufficient reserve supplies extremely 
difficult, not only full plant capacity, but also low storage reserve the 
event delayed shipments. With the container method—wherein shipments 
low 200 tons are economical, the quantity shipment accepted 
certified weights bills lading, and the time lost the various phases 
the other method are eliminated—a shipment can unloaded hours. 
Under such conditions the hazards maintaining adequate reserves disappear, 
and even time lapse for shipping delays may allowed. 

Again, comparing the two methods, the bulk barge method men must 


enter and work the dust. This far from satisfactory, and inexperienced 


operation the pump can create great clouds dust which are carried far and 
wide the winds, creating nuisance throughout the neighborhood. the 
container method, the dust almost fully enclosed from the containers the 
silo, making this system almost dustless. From the standpoint economy, 
under present plant conditions, the container method provides material 
saving labor costs eliminating the cumbersome measurements and the 
handling the pump and doors the barge. 

third method under study provides complete pneumatic operation, having 
larger capacity (70 tons per hr) and longer effective pumping range (about 
700 ft). Although this method can used only with container shipments, 
the operating power costs compare favorably with both the other methods. 
addition, extremely efficient, requiring only three men; completely 
dustless; its capacity more than double the other methods; and, since re- 
quires moving parts nor electrical controls, almost ideal from the stand- 
point maintenance and repair. 


MANUFACTURE MATERIALS 


The machinery within the plant divided into two complete asphalt plant 
units, which may operated singly simultaneously. The units, each 
having output capacity about 350 tons per day, are designated No. 
and Space, foundations, and storage have been provided for third 
No. unit the event future expansion. The units are alined side side 
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east-west direction, this alinement extending through the storage bins 
that materials may fed either unit the event breakdown. 

The operation the units the manufacturing process may divided 
into three integral steps, successive operation but not continuous. the 
first step the materials are handled and processed passing from the bins 
the mixers; the second, the processed materials are proportioned and mixed; 
and, the third, the paving mixture discharged into vehicles which convey 
the paving operations. these three steps are included all the ramifi- 
cations operating, designing, and controlling the plant and check test 


the materials. 
MATERIALS 


Transfer Aggregates from Storage Bins methods used 
handling aggregates from the storage bins the driers may vary with the 
special conditions different plants. this plant, where enclosed and pro- 
tected bins are provided for the aggregates order assure year round opera- 
tion, the system used somewhat different from the usual plant installations. 

the storage-bin building, the bins for the sand and stone lie one behind 
the other, divided wall. Discharge openings are provided the floor 
the bins directly beneath the shuttle belts and over tunnel alined with its 
corresponding unit the plant. The openings are about square and are 
fitted underneath with truncated pyramidal chutes and adjustable discharge 
gates. assure steady flow material through the gates, heavy-duty, 
portable vibrators are attached the chutes. Experience shows that the 
stone moves freely through the gates without assistance, whereas the sand can 
readily moved the vibrators. 

During the design stage, drainage system for the bottom the storage 
bins was studied. However, was not adopted and its elimination has created 
several operating problems. Accumulated moisture drained from the mate- 
rials, first, ran through the discharge gates onto the belts, which turn 
carried into the rest the machinery, causing corrosion and flooding. 
was necessary construct detachable scuppers the gates divert the flow 
from the belts the tunnel gutters, which connect with sewer. Although 
this method works well, not wholly satisfactory because the tunnels are 
continually damp. Based this experience, believed that all-enclosed 
bins should provided with drainage systems divert the drainage from the 
machinery. 

The discharge gates feed directly upon belt conveyors operating the 
tunnels. The conveyors, the conventional rubber belt type with 18-in. 
belting and operating capacity tons per hr, are 170 length 
and will carry sand stone separately together, depending the require- 
ments the plant. The belts discharge into surge hoppers, each about 
5-cu-yd capacity, which act equalizers between the belt feed and the feed 
the elevators. Because uniform, continuous feed the elevator desirable, 
and because such flow cannot secured the operation the belts, the surge 
hoppers regulate the flow discharging into the elevator through rheostat- 
controlled vibrating feeder. Furthermore, this system gives the drier operator 
finger-tip control the material feed. 
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The material raised about from the surge hoppers the drier feed 
the cold elevator, which has capacity tons per hr. 

driers perform the function drying and heating the sand 
and stone preparation for their use the paving mixtures. They are the 
double-fired type, each having capacity tons per hr. The drier drum 
40-hp constant speed motor. The drum fired directly the discharge 
end rotary oil burner operating cylindrical firebox length and 
diameter. The hot gases this fire pass through the entire length 
the drier. The middle the drum completely enclosed secondary rec- 


tangular firebox, also fired rotary oil burner (Fig. 4). The hot gases 
the secondary fire enter the interior the rotating drum through elbows 
fastened the shell the drum the interior. The elbows face the direc- 
tion the flow the materials through the drier and are capped with hoods 
prevent leakage the material into the firebox. This permits entrance 
the gases through the 2-in. space provided between the hood skirt and the elbow. 
vanes the inside the drum move the materials forward through 
the drum and the same time drop them through the hot gas flow. 
the secondary fire dry the materials point where the moisture may 
removed quickly, thereby eliminating the zone that appears 
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driers the single-fired type. The primary fire aids drying, but functions 
predominately heating the materials. this combination, longer effective 
life for the drier and higher fuel economy are secured. 

Acceptance the driers was predicated test performance wherein the 
drier operating capacity tons per was required process asphalt 
sand (New York City specification type with moisture content from 
No. fuel oil These requirements were met series tests each 
drier. normal operation, however, several problems developed. heavy 
leakage flue gases around the concentric rings the secondary firebox 
which the drum extremely disagreeable conditions the plant. 
Furthermore, was found that the secondary fire could not operated full 
power without considerable smoking. Analysis the conditions indicated 
that the draft reaching the secondary fire was insufficient maintain negative 
pressure the firebox and prevent escape gases, draw sufficient air 
through the dampers proyide full combustion the was impera- 
tive that the plant properly ventilated order provide proper working 
conditions, hoods connected the main draft the drier were installed over 
the rings the firebox. This expedient trapped the gases and slightly improved 
the operation the fire; also diverted some the heat. was apparent 
that sufficient draft was not available through the elbows, and adjustments 
had made that point. Further examination disclosed that the annular 
bent between the elbow and its hood could not increased without leakage 
materials into the firebox. also disclosed that sufficient draft velocities were 
available the drum permit openings the hood itself without leakage 
materials. Thirteen holes, in. diameter, were drilled each hood, 
thereby adding about in. draft vent the secondary fire. The number 
and the size the holes were arbitrarily selected initial With 
the added vent, results indicated that negative pressure in. water 
was created the firebox, and that the fire could operated full intensity 
without smoke. manipulation dampers and fuel supply wide range 
efficient control over the fire was attained. After the correction was made, 
the dampers the concentric ring hoods used trap escaping gases could 
closed and the full effectiveness the fire directed into the drum. 

the primary fire very unusual condition was noted. spite the 
heavy draft through the drier, back draft persisted the firebox around the 
flame. Because this back draft the sand that was being discharged from the 
drier was sucked into the firebox, where settled, accumulated, and vitrified. 
Coatings this vitrified sand much in. thick accumulated little 
days operation. maintain the efficiency the fire was necessary 
that the coatings removed periodically. Inasmuch the coatings were 
hard that small power chipping hammers were required, numerous cleanings 
were injurious the firebox brickwork. fact, relining these 
was necessary after months operation. Studies and tests give results 
other than that sand with high iron content builds the coatings very 
rapidly. 
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The driers were equipped with automatic controls coordinate the in- 
tensity the fires with the desired temperature settings for processed materials 
under constant uniform feed conditions. Operation the controls centers 
upon recording pyrometer, which the desired temperature the processed 
materials may set, and which records the temperature the stack gases and 
the processed materials discharged. Through complicated electrical controls 
the relationship between stack and material temperatures translated into the 
operation the stack fans (through speed adjustments made fluid drive), 
the quantity oil fed the burners (by electrically actuated cocks), and the 
position the fire dampers (on the rotary burners). Actually, was found 
that the narrowest range which the system could operate was within 50° 
plus minus, desired temperature. Thus, instead steady temperature 
there was unsatisfactory fluctuation Tests, adjustments, and 
changes failed reduce this range suitable value. Studies disclosed that 
the variables wide range moisture content and the combination 
materials processed could not handled uniform flow basis the system. 
The time lag correcting the fires was great that overrun and underrun 
the limits could not avoided. requires min for particle the 
material pass through the drier, short period adjustments the discharge 
end could not made for temperature. Better results could attained 
varying the feed, but oil efficiencies began decline. 

Since the equipment was hand, and since its operation required manual 
control feed, was decided modify the system one simplified manual 
control. Fires dre set intensity which, from experience, relative 
the average moisture content and the combination materials, and also the 
flow the materials maintain the temperature within desired limits. This 
conforms plant operation wherein heavy flows are desired during certain 
periodic output, and lighter flows, during replenishment storage hot bins 
off periods. 

Substantial fuel oil economies were secured the modifications made 
the drier and its controls and the operators they become experienced. 
Skilled operators can maintain the discharge temperature the materials 
within 25° the desired temperature. During full scale operation when 
tons per material are processed steadily for hours hours, the fuel 
consumption has varied between 1.8 gal per ton and gal per ton. Over 
period, including winter months and rainy days when daily output was 
little tons, the fuel oil consumption averaged about gal per ton. 
Compared specification requirements under steady operations full output 
maximum gal per ton, saving 33% full production and about 
25% over-all production has been realized. 

After months operation the driers have performed well—with the 
exception the points described, there has been slight warping due over- 
heating and slight buckling the main support straps the secondary firebox. 
The drum, rotating bands, girth and pinion gears, supporting rollers, and the 
interior shell, vanes, and elbows show very little wear. 

Hot hot elevator, which raises the heated processed mate- 
rials from the drier discharge about point gravity feed the screens, 
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the vertical continuous bucket type and has capacity tons per hr. 
The elevator driven 15-hp, constant speed, gear-reduced motor. 

Difficulties were encountered almost immediately the operation the 
elevators. The conditions under which they operate are severe, that they 
must handle, while still cold, materials 400° and then, after reaching 
operating temperature, they are shut down the end the day cool rapidly. 
Expansion and contraction the chain linkage, due the operating tempera- 
ture conditions, amount about in. the take-up boxes. Operating the 
elevator with the take-ups set that the chain was taut when cold created 
much slack when the elevator warmed that the buckets swayed, slapping 
the casing and hooking the intake and discharge chutes. Operation with 
the chain taut when warmed up, and not released during cooling, bent and 
snapped the shaft. intermediate setting point where slapping the 
buckets and strain the shaft were reduced and balanced proved unsatis- 
factory. Thus, became apparent that adjustment during heating and cooling 
was necessary, and counterweighted automatic take-up was therefore in- 
stalled. This, however, required manual take-up the screws dampen the 
oscillations the counterweight. Because continual attendance during the 
warm-up period was required any case, was decided take the slack 
only snug position, periodically, until maximum expansion was attained, 
and release take-ups fully shutdown. This procedure not foolproof, 
but has worked satisfactorily. Based these experiences with the vertical 
type elevator, believed that continuous bucket elevator the inclined 
type, wherein slack provided the unloaded side the chain, would elimi- 
nate the difficulties encountered. 

Vibrating hot elevator discharges its processed material into 
the vibrating screens through gravity chute sloping downward angle 
60° with the horizontal. The vibrating screens, situated atop the hot storage 
bins, separate the combined sand and stone and deposit each into its respective 
compartment the hot bins. They also screen out oversize particles into 
tailing chute. The vibrating screens used this plant are the horizontal 
type and have capacity tons perhr. motor drive imparts the spring 
mounted screen carriage elliptical motion in. horizontally about the long 
axis and in. vertically about the short axis). The screens themselves are 
mounted the vibrating carriage two layers, the upper layer being composed 
wire screen extending ahead 4-ft bar screen with 
openings. The lower layer composed No. screen extending the full 
12-ft length. Between the two layers screening and directly beneath the 
bar screen steel plate introduced. Material entering the machine falls 
upon the screen, where the passing portion dropped the No. screen 
and the retained portion carried forward the 24-in. screen. The portion 
passing the 2}-in. screen falls upon the steel plate, which turn deposits its 
charge into the stone compartment, the retained portion being carried forward 
into the tailing chute. Material passed the screen onto the No. screen 
sifted into the sand compartment; that retained the No. screen dropped 
into the stone compartment 


ASPHALT PLANT 


Although these vibrating screens operate quietly and efficiently, like the 
hot elevators they are subject the same severe temperature changes, which 
similarly create trouble. 

Hot Storage beneath and receiving the discharge from the 
vibrating screens are the hot storage bins, which turn are directly over the 
mixers. The hot storage bins are compartmented into two equal sections, 
each 50-ton capacity, for the storage sand both sections, sand and 
stone separately, respective compartments. The hot storage bins are 
unique that they are fully insulated 2-in. blanket and plastic 
insulation covered heavy canvas jacket. 

The plant, supplying paving materials field repair crews, must furnish 
nearly 50% its total daily output during the first few hours its operation. 
Output then eases off until just before noon when the second peak load must 
met. meet the initial peak load effectively, the plant must either 
started extremely early the morning, make provision for carrying 
suitable materials over from the preceding day. the design the plant 
the latter method was selected and the hot storage bins suitably insulated 
meet this need. 

Under normal operation the materials are delivered these bins tem- 
peratures between 400° and When the bins are being filled for 
overnight storage the temperature the materials raised between 500° 
and 550° this manner, sufficient materials are made available for the 
production more than 130 tons paving materials the first thing the 
following morning without even starting the driers. Nevertheless, the driers 
are started the same time the mixers, and within min begin replenishing 
the bins. Thus, nearly 200 tons paving materials may produced 
single unit the plant between 7:30 Because the produc- 
tion falls off after the initial surge, the driers which operate under constant 
load catch and replenish the bins again ready for the second peak between 
and p.m., after which the temperature the materials raised 
and the bins are filled for the following day. 

Utilizing self-reading pyrometers permanently installed the hot bins ex- 
tensive tests the heat retention characteristics materials stored the 
bins indicate that fully loaded bins will lose from 50° 80° hours 
during the summer, and from 100° 125° the With the bins 
partly filled, temperature losses are considerably higher. Generally the loss 
temperature dependent upon the atmospheric temperature around the 
bin, and the quantity stored therein. several occasions during the summer 
full bins were carried over from Thursday with the mate- 
rials still warm enough for satisfactory mix. 

times, long periods inclement weather are encountered. these 
occasions the materials the bins fall below usable temperatures, necessitating 
their removal from the bins. The bins are unloaded, and the material 
either returned the main storage bins used for other purposes. in- 
stallation auxiliary equipment that would return this material the driers, 
thereby saving fuel and handling, understudy. However, correlation bin 
filling activities with weather forecasts helps materially avoiding this situa- 
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tion. The bins have functioned most satisfactorily and have met plant opera- 
tional requirements ideally. 

Limestone Dust.—Limestone dust stored the silos not processed any 
way, and fed directly (cold) the mixers. Dust drawn from the hopper 
bottoms the silos through circular valves and conveyed the mixers 
rotary screw conveyors which are operated motors controlled push 
buttons the mixer. Silo No. feeds directly mixer No.3. Mixer No. 
can draw dust from either silo No. silo No. 

Anyone who handles mineral fillers bulk quickly becomes acquainted 
with their extremely contrary flow characteristics. Limestone dust when air 
activated flows like water, but when deaired and settled packs firmly that 
little short brute force can budge again. silos height, like those 
the plant, almost anything can happen—and usually does—while drawing 
the dust from them. The one essential, uniform flow desired quanti- 
ties, seldom occurs unless the silos are full. With the silo full, the dust flows 
smoothly through the conveyor. the material drawn out the silo 
crater ever increasing depth forms, and things begin happen. The crater 
continues increase depth until the angle repose (as determined exist- 
ing conditions) exceeded. Then the entire lip the crater caves in, huge 
avalanche. The angle repose seldom the same varies with the at- 
mospheric humidity, the amount entrained air, the degree compaction, the 
degree absorbed moisture, the grain size, and other conditions. neither 
the formation the crater nor its estimated angle repose may observed 
during operation, warning immediate trouble sounded. the ava- 
lanche fills the crater, the dust pours through closed valves, through stationary 
conveyors, and through every hole and crevice the system out into the 
plant. one time, 800 dust poured into the weigh box the mixer, 
through closed discharge valve and stationary conveyor, day 
the plant did not operate. Another time, passed the closed valve and poured 
into the conveyor, jamming the conveyor.. contrast, times the avalanche 
will jam the dust the pit the crater and form arch over the gate. 

From these and other experiences appears that uniform flow necessitates 
the elimination the formation craters which cause subsequent avalanches 
the silos. Anticipating some difficulty, air jets were installed each hopper 
leg the silo during construction. The action the jets was unpredictable 
the dust itself. Sometimes the high-pressure air would blow hole 
the dust with effect upon the formation the crater. Then, after the 
crater formed, would cause avalanche. air was better. 
Experience proved double air jets were unsatisfactory. Multiple 
jets, the skirt blast furnace, were considered, but their adaptation 
was not feasible with the silos. 

The problem maintaining the dust level the silos became serious 
problem. the spirit light-duty electric vibrator mounted 
the hopper the silo was tried. Tests showed that constant operation 
the vibrator packed the dust more solidly, whereas haphazard intermittent 
operation caused avalanching. However, interlocking vibrator operation 
with the conveyor feed showed promise. Momentary operation just prior 
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conveyor feed seemed solve the problem, temporary installation the 
vibrator was made with controls mounted the mixer for extended opera- 
tional tests. After months testing, during which satisfactory flow was main- 
tained under all conditions, was decided make permanent vibrator in- 
stallations. 

Asphaltic Cement.—AC stored composite storage tank 125,000- 
gal capacity situated the main plant building (Fig. 2). This tank com- 
posed five sections, all rectangular shape, set two tiers—two tanks 
the lower, and three tanks the upper tier. The two tanks the lower tier, 
designated tanks No. and No. each have capacity 30,000 gal. The 
three tanks the upper tier, designated tanks No. No. and No. have 
capacity 20,000 gal, 25,000 gal, and 20,000 gal, respectively. The upper 
tanks, resting directly the tops the lower ones, are separated two 
walkways—giving access fill lines, inspection manholes, and vents required 
the two lower tanks. Catwalks over the upper tanks serve similar purpose. 
The entire composite tank and its upper sections are fully insulated 3-in. 
asbestos blanket and in. plastic insulating material covered 
canvas jacket. The quantities contained the tanks are measured 
self-reading, multiple-liquid, level gage. 

Each the tanks the composite tank was designed and used for 
specific purpose. Tanks No. No. and No. are for main storage, wherein 
the maintained 270° Tanks No. No. are used for service, 
these the temperature the raised and maintained 330° 

complete system piping provides for the flow from the barges 
any one all the tanks; also, for the transfer from one tank another, 
from either one both service tanks either surge tank, and from either 
surge tank the mixers, together with returns from the surge tanks. Two 
motor driven asphalt pumps, each having capacity 120 gal per min, may 
used transferring within the composite tank from service tanks 
surge tanks. Two air compressors transfer the relatively uniform pres- 
sure from the surge tank the mixers. 

All the storage tanks conveying pipe lines, transfer pumps, and meters 
handling AC, well the paving material mixers, are electrically 
thereby completely replacing the conventional method high-pressure steam 
for this purpose. Although this method heating not original with this plant, 
is, however, the first complete large scale installation ever made for this 
purpose asphalt plant. Little precedent was available either for design, 
construction, operation such installation. 

“Calrod” heating elements varying lengths and heating intensities are 
utilized for the heating piping, tanks, mixers, other equipment, and appur- 
tenances. The heating tanks automatically controlled recording 
thermometers operating conjunction with time switches. The heating 
pipes, mixers, and other equipment, either directly the elements, indirectly 
the circulation heat transfer oils heated immersion 
operated manually push-button switches with temperature control main- 
tained thermostats. The system has operated effectively and efficiently 
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after its operational characteristics were determined and operational pro- 
cedure 


MIXERS 

Because the peak demands the plant and the uniform and continuous 
operation its processing machinery, evident that the mixer, which the 
heart the production equipment, must have huge capacity meet 
the high intermittent demands. 

the design phase some controversy developed concerning the feasibility 
large capacity mixers for the manufacture high-grade sheet asphalt paving 
mixers. The alternative employing large mixers was the installation 
batteries smaller mixers operating simultaneously order meet the time 
Inasmuchasspace wasata premium, and 
simultaneous operation dual mixers posed severe complications operating 
equipment and necessitated increase operating personnel, was decided 
use large 4-ton mixers. 

Each mixer the usual pugmill type has capacity 8,000 per batch. 
Two rotary shafts, each fitted with blades and rotating opposite directions, 
knead the materials downward against the mixer liners. The blades are fitted 
with replaceable and adjustable tips, in. square. 125-hp, 3-phase, 1,150- 
rpm electric motor drives the shafts through chain gear drive and reducing 
gear. Shaft speeds can adjusted steps rpm from rpm rpm 
gear changes the chain drive. The mixer body lined with 
able, reversible, and replaceable cast manganese steel liners in. thick. All 
shaft bearings are the heavy-duty, self-alining, spherical, roller-bearing type. 
The gate under the discharge opening the body the mixer actuated 
double-acting air cylinder special design, operated air pressure 100 
per in. 

Above the body the mixer, and directly below the discharge chutes the 
hot bin, weigh box suspended having capacity 8,000 materials. 
The scale this weigh box has dial graduations capacity 10,000 lb. 
The gate used discharging the contents the weigh box actuated 
small air ram operating compressed air 100 per in. 

Injection into the mixer accomplished spray bar unusual 
trapezoidal cross section situated above the mixer blades and extending across 
the front side the mixer. This spray bar fitted with suitable baffles 
assure uniform distribution through jets, uniformly spaced and ad- 
justable size from spray tip 1}-in. diameter. 

The entire mixer—composed the body, blades, weigh box, hot bin dis- 
charge chutes, limestone dust conveyor chute, and spray bar—is entirely en- 
closed dustproof housing. Air lines, electrical conduits, and levers for the 
actuation the discharge gates the hot bins all pass through sealing gaskets 
the housing. 

The meter, limestone dust feed control, and interlocking solenoids are 


situated bench formed the body and the housing the front the 
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mixer. The measured and injected into the spray bar meter having 
capacity not less than 100 gal sec, and operating pressure 
per in. Because the accuracy the meter depends largely the 
temperature the AC, essential that this temperature maintained be- 
tween the operating limits 320° and 330° 

this point discussion the surge tank essential understanding 
its function. The surge tank serves dual purpose. First, since the 
pumps have capacity 120 gal per min, evident that they could not 
furnish sufficient meet the meter requirements not less than 100 gal 
sec, 200 gal per min. The surge tank balances this discrepancy 
storing sufficient during the mixing cycle satisfy the meter requirements. 
Inasmuch the pump operates continually during the cycle between 
discharges, there ample capacity recharge the surge tank. Further- 
more, the surge tank sufficient size meet the double load caused the 
simultaneous demand both mixers. Secondly, for operation the meter 
requires fluid pressure persqin. filling the surge tank the 
morning, air pocket trapped its top. using pressure regulating 
valves the return circulating lines, the pressure the air pocket may 
tank the feed line, smaller pumps are adequate for pumping AC, and 
simple method maintaining the necessary fluid pressure provided. 

The mixer body, spray bar, and meter are all either directly indirectly 
heated electricity. Originally, the mixer body and spray bar were heated 
electric strip heaters. Because the high temperatures developed during the 
heating, the special heat-resistant insulation the wiring these heaters 
failed. Therefore, the strip heaters were removed and replaced with 
“calrod”’ installation all wiring outside the heated zone, thereby elimi- 
nating the need for special wiring. this modification more rapid and more 
uniform heating resulted, the heating time being reduced from hours 
hours. The meter and its screen were originally heated the circulation 
heat transfer oil, electrically heated immersion This method 
was unsatisfactory because the heating time required was from hours 
hours and heavy overload developed the heat transfer oil circulating 
pump. Examination this system disclosed that the oil lines the head 
the meter were crimped many places. Replacement without crimping was 
impossible, due the tortuous coils and twists, the piping was abandoned 
and were installed around the head the meter and its screen, 
leaving only the body the meter heated circulating oil. this 
change the overload the circulating pump was eliminated, and the heating 
time was reduced from hours hours. 

Semi-automatic operation was intended the design the mixer. The 
weighing materials was performed manually and then, system 
interlocked controls, the mixing and injection was performed auto- 
matically the pressing button. Manual discharge the mixer was 
restricted until the mixing cycle was completed. The system worked, but 
analysis disclosed that was not foolproof. virtue its operation, the 
meter required resetting after each measurement AC. this resetting was 
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overlooked, the next measurement the meter would 10,000 gal AC. 
Hence, rather than burden the mixer operator with the responsibility avoid- 
ing flood searing hot AC, was decided modify the system and restrict 
its function safety measure. this alteration the interlocking device 
prevents tripping the weigh box discharge gate before the mixer emptied 
and the gate closed, and aids the operator timing the mixing cycle. 

operating the mixer, the operator weighs the proper quantities mate- 
rials into the weigh box. After emptying the contents the weigh box into 
the mixer 20-sec dry mix made. Injection follows after which 40- 
sec wet mix period provided. The tons paving mixture are then dis- 
charged into truck below the mixer gate. Signal lights, and 
peephole assure the operator that discharging his mixer into truck and 
not into the truck runway. Thus, the mixing cycle requires from 100 sec 
120 sec. Each mixer produces tons paving materials every min, 120 
tons perhr. assure full efficiency the mixers are offset, one over each two 
truck lanes the runway. with both mixers operating, the plant can 
produce least 240 tons per while the hot bin supplies last. 

During 18-month period, with the exception the few minor difficulties, 
the mixers have operated most satisfactorily. The character the product 
indicates that the mixers consistently produce good, uniform mixes. The 
wear the blade tips, liner plates, and discharge gates has been negligible. 
The spray bar jets were varied from spray tips full 1}-in. openings during 
the period. Orifices smaller than the full opening tended clog with carbon- 
ized and were gradually increased size until full openings are use with 


little effect upon the uniformity the mix. for shaft speed, rpm 
the nearest speed available provide best results, but believed that 
rpm would eliminate the slight splashing the material noticed rpm. 
Based the knowledge gleaned through experience and the results obtained 
with these mixers, appears that the selection large mixers was good one 
and any trepidation concerning their operation and their ability produce 
good, uniform mixes has been completely dispelled. 


Dust 


The control dust expelled from such plant and escaping from the 
machinery therein has received increasing attention during the past decade. 
The extent and the intensity the interest generated may traced 
the degree the nuisance committed the neighborhood, the increasing 
realization the cost dust waste, and the appreciation the detrimental 
effects the dust operating machinery and the working conditions 
the plant personnel. 

asphalt plants either entered more populated areas, were hemmed 
more closely other industries, the great clouds yellowish brown dust 
billowing from their stacks became more and more objectionable. some 
cases the condition was bad that the plant was confronted with the alter- 
natives moving providing some method abating the nuisance 
harmonious neighborly relations were preserved. Increasing costs 
materials further emphasized the undesirability dust clouds stressing the 
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costly wastefulness usable materials. With the development this new 
conception dust, fugitive dust within the plant also gained new importance. 
Increasing costs and difficulty securing new machinery parts prematurely 
worn out the abrasiveness the dust, and the loss trained men other 
industries where working conditions were more pleasant and agreeable all aided 
crystallizing the appreciation the true problem free dust. 

the plant Manhattan, situated high class residential area, 
the significance complete dust control was thoroughly appreciated. The 
design and the operation the plant were and are consequently directed the 
attainment the highest feasible degree dust control. The method control 
adopted was the two-stage type, wherein heavy coarse particles are removed 
the primary stage and the light fine particles the secondary phase the 
system. The phases the process and the entire process are parts the main 
blower exhaust system the plant. 

Each unit the plant possesses its individual and separate dust control 
and main blower exhaust system and each the latter includes main duct 
exhaust fan having capacity 30,000 per min, driven 60-hp motor 
operating through adjustable speed fluid and V-belt drive yield maxi- 
mum fan speed 980 rpm. The exhaust fans have rectangular intake ducts 
in. in., and circular exhaust stack in. diameter. Under opera- 
ting conditions hp, fan speeds from 860 rpm 920 rpm are developed; 
the capacity ranges from 24,000 per min 28,000 per min static 
head in. water the fan intake. Input power and air capacity vary 
within limits with atmospheric conditions, stack temperature, and moisture 
content the materials processed. 

The main exhaust fan performs dual purpose acting the main draft 
for the drier fires and secondary draft for the collection and conveyance 
the dust from the various machines. main draft duct in. diameter 
conducts flue gases and dust from the drier precipitator. 
Secondary ducts provided with adjustable dampers convey dust from the 
vibrating screen and the mixer through lines in. diameter the hot 
elevator. From the hot elevator line in. diameter conveys the accumu- 
lated dust the precipitator. All these machines are built dust-tight 
possible and operate under negative pressure. The multiclone discharge 
connected the fan intake rectangular duct about cross section. 
The dust precipitated the multiclone discharged into the hot elevator 
intake chute motor driven rotary valve for re-use the plant. 

first some difficulty was encountered securing the desired results from 
the system, but complete control fugitive dust the plant was attained 
damper settings whereby about 24,000 per min the total intake fan 
28,000 per min allocated the drier exhaust and about 
4,000 per min fugitive dust control. When the plant processes material 
average moisture content the rate from tons per 
tons per the drier, dust samplings taken the intake and discharge 
the multiclone indicate removal from 80% 85% the total dust en- 
tering the precipitator. The dust sampling the stack discharge indicates 
dust content 2.25 per air. 
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Only the primary phase the dust control system—namely, the multiclone 
precipitators—has been installed. Contracts for the installation the secon- 
dary phase (electrical precipitators) are progress. expected that the 
secondary phase will remove 90% more the discharge, giving the entire 
system over-all efficiency about 98%. The air and gases exhausted from 
the system then will purer than the atmospheric air far dust con- 
cerned. 

Operation the system installed, although smooth and efficient far 
goes, unsatisfactory because the residual dust from the multiclones 
being exhausted from the stack. The quantity, although far less than most 
other plants, still objectionable, indicating that primary system itself 
insufficient and must augmented secondary system yield satisfactory 
dust control. Prevailing winds blowing the dust out over the East River have 
far favored the plant, and the objectionable dust has yet created great 
degree nuisance. 


CONTROLS 


Electrical power used the plant, repair shops, and other facilities the 
plant area supplied the rates $1.75 per for demand and per kw-hr 
for consumption. special building contains the necessary equipment 
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transform the power the main supply feeders the requirements the plant. 
This equipment owned and serviced the utility company. another 
section this building are located the plant’s main power circuit breakers, 
which are owned, operated, and serviced New York City. Power furnished 
the plant 208-volt, three-phase, 60-cycle current for power, and 
volt, three-phase, 60-cycle current for lighting. 

the control room (Fig. the power distributed the various machines 
through U-shaped control panel board. Separate panels this board con- 
tain all the necessary electrical devices and controls for each piece ma- 
chinery—such the driers, mixers, exhaust fans, simplicity tracing 
breaks and electrical maintenance and repair. Controls for the electrical 
heating each storage service tank similarly are contained separate 
panels. From the panels the wiring runs the operating control stations for 
various machines. most cases, operating control stations contain the con- 
trols for several pieces machinery whose operations are interrelated must 
started stopped proper sequence. this manner all conveyor belts 
from dock bins are operated from one control station, and the heating all 
lines, pumps, and other appurtenances controlled from another. Similarly 
single control station operates the reclaiming belt, cold elevator, drier, hot 
elevator, vibrating screen, fuel oil pumps, oil burners, and exhaust fan 
single plant unit. similar station controls the other unit, and also con- 
tains the controls for the building ventilator fans. Because these machines 
must started stopped definite sequence, the controls are mounted 
the station that order. With controls organized, operating interlocks and 
personnel safety controls can readily provided. 


Costs 


Considerable interest has been displayed the operating costs the 
various phases production and the final cost materials manufactured 
this plant. The elegance the buildings, their location, the intricate controls, 
the extraordinary dust control, and the other seeming extravagances create 
grave doubts concerning the ability the plant produce paving materials 
competitive even reasonable costs. Visitors are amazed when informed 
that the plant can manufacture its products economically and even competi- 
tively. When apprized the actual cost the plant ($1,000,000 exclusive 
land value), the perplexity increases, the certainty some subterfuge be- 
comes even stronger. commercial operators, the carrying charges such 
initial investment alone would staggering, without adding the labor costs 
what appears comparatively large personnel. Can visitor 
blamed, after superficial inspection, for wondering what form mental 
gymnastics perpetrates the bland statement that costs are reasonable? 

comparing costs, must remembered that costs are relative and 
should collated basis real value received. city responsible for 
public safety and convenience, over-all costs and availability the materials 
when required are greater importance than specific costs. contractor 
operates asphalt plant during the paving season high volume and low 
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specific cost. When volume falls off and specific cost rises above economical 
limit shuts down and lays off his force. city cannot this. Public 
safety and convenience must prevail all times, and repairs must made 
out season. Under such conditions ton asphaltic paving material 
may worth great deal, particularly when all the manufacturers this 
commodity are hibernating. Again, contractor builds plant with eye 
vicissitudes and competitive nature the industry, may out business 
year. The city, the other hand, will remain business long 
streets and roads exist and require repairs, and can therefore project its returns 
oninvestment overalong period time. Furthermore, 
tax exempt and consequently its bonds are attractive investors very low 
interest rates. addition, the city sees need for taxing its own property. 
will seen, therefore, that many factors enter into the costs make them 
relative, and dependent almost solely the value received the purchaser. 

The city, acting the dual capacity manufacturer and purchaser 
asphaltic materials produced city owned plant, interested specific 
costs only far they affect over-all costs. The specific costs manu- 
facturing ton sheet asphalt, for instance, are submerged the over-all 
cost placing this material pavement. regardless season weather, 
maintain public safety and enhance public convenience. Nevertheless, 
interesting examine the specific costs involved the production asphaltic 
materials the plant. 

Specific costs, again, are relative, for they depend greatly the relation- 
ship between plant capacity and plant output. Ina plant owned and operated 
the city this relationship will vary from very low output full capacity from 
day day, depending weather conditions the whole year round. course, 
days when emergency paving impossible the plant will not operate. Thus, 
specific costs will vary between exhorbitant values and very economical values. 
The extreme costs are not comparable with commercial plants that operate 
only when the demand relation capacity sufficiently high assure 
return above overhead, operating costs, and material costs. Therefore, the 
most suitable basis for comparison tonnage cost may derived dividing 
actual annual monthly costs the average daily output and the average 
number operating days per year month, and then adding the actual cost 
materials. 

Before applying the formula, the average daily output and the average 
number operating days must ascertained. Although the plant has 
maximum average output 375 tons per day per unit, this quantity not 
applicable because actual output may vary from 450 tons per day per unit 
during the height the paving season tons per day during the winter 
emergencies. Experience has shown that average daily output 300 tons 
per day per unit can attained over the operating period survey 
years operating experience the old plant discloses that the average operat- 
ing time prevalent the New York City area This annual 
average may broken down days per month for months, thereby 
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permitting month for vacations the summer and month for plant over- 
haul the winter. 

applying the formula best reduce separately each factor involved 
the costs—such labor, power, materials, and overhead. this method 
each phase may compared individually, and the whole collectively. 

the plant paid annual basis, that the actual 
annual labor cost used. This cost includes full time for supervisory, operat- 
ing, maintenance, and repair forces comprising the full plant complement 
twenty-one men. The total annual payroll, during 1945, for these men was 
approximately $55,000. applying the formula and the factors previously 
discussed, the cost labor found $260 per operating day, 87¢ per ton. 

paid for monthly basis; therefore, actual average 
power charges per month are used. This cost includes the operation one 
unit, all the material conveyor belts, the dust pump, heating tanks and 
lines both units, all other equipment required operation, and light. The 
average monthly charge for power approximately $1,300. applying the 
formula and the factors previously determined, the power cost found 
$62 per operating day, 21¢ per ton. 


For Various PLANT (1945 


INGREDIENTS 


Product 


AC Fuel oil 
(per yd) (per gal) (per yd) 


Stone 


(1) 
0.0439 


0.0439 
0.0439 


bulk. 


cost materials (Table based 1945 prices; the 
cost fuel oil predicated the maximum use gal per ton product. 

Overhead.—It the calculation overhead costs that variations occur. 
avoid any stigma subterfuge, outline the costs involved given 
(Table that the reader may combine them any way pleases and 
determine his own results. 

The outline indicates maximum overhead cost 80¢ per ton. Actual 
expenses, however, consist only the interest capital investment, and re- 
pair parts, lubricants, total 33¢ per ton. time goes on, the 
replacement entire piece equipment may necessary, involving some 
part the 31¢ set aside for depreciation machinery. result pre- 
ventive maintenance this may not likely, but reasonable assume that 
preventive maintenance will double the effective life the equipment and 
extend its depreciation years. this time some the equipment will 


} 
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Total 

(per ton) 

Sheet asphalt 2.88 

Asphaltic concrete........... 0.92 4.50 0.0611 1.45 2.21 
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obsolete, but proper replacement and gradual modernization can 
maintained Thus, depreciation charges the machinery may re- 
duced 16¢ Depreciation charges the structures are not included, 
for their character they can far outlast their usefulness. The remaining 
$100,000 the original $1,000,000 cost allocated the electrical dust 


precipitators not yet installed. After this installation depreciation 


chinery will based $500,000 instead the present $400,000. this 


Costs 
Description Principal 
Annual Per ton 
(2) (3) (4) (5) 
Interest on capital investment*.............. 900,000 sien 18,000 0.28 
Depreciation on structures. ............+.+5+ 500,000 50 10,000 0.16 
Depreciation on machinery.................. 400,000 20 20,000 0.31 
Repair parts, lubrication, etc................. 3,000 0.05 
51,000 0.80 
*At2% 


calculation reasonable overhead 49¢ per ton obtained. Adding this 
overhead cost that labor, power, and materials gives the over-all costs 
shown Table These costs compare favorably with prices quoted con- 
tractors the area for similar materials. 


TABLE Costs, PER Ton 


Description Sheet asphalt Binder Asphaltic concrete 
(2) (3) (4) 
0.87 0.87 0.87 
0.21 0.21 0.21 
2.88 1.85 2.21 
0.49 0.49 0.49 
4.45 3.42 3.78 


The preceding costs were based the operation only one plant unit. 
When labor conditions improve, and field paving forces are recruited full 
strength, and when field requirements increase 600 tons per day, operation 
both units will required. Under these conditions the costs tonnage 
basis will decrease materially. Only three additional men will required 
operate the second unit, therefore annual labor costs will only increase $7,500 
total $63,000. Applying the formula, labor costs decrease 50¢ per 
ton. Power costs will also decrease, because the demand costs material 
handling will but one half their present ratio operating demand costs, 
16¢ per ton average 600 tons per day. Material costs will obviously 
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remain constant, and overhead costs will decrease one half their present costs 
fixed charges. repair parts and lubricants they are expected double, 
thus giving estimated overhead cost about 32¢ per ton. Applying these 
savings and compiling the costs basis 600 tons per day gives $3.86 per 
ton for sheet asphalt, $2.83 per ton for binder, and $3.19 per ton for asphaltic 
concrete. These total costs manufacturing ton the respective materials 
not only compare favorably with prices quoted private contractors, but also 
are definitely competitive and produce substantial annual saving the city 
the maintenance and repair its streets. emphasized again that the 
plant produces materials for maintenance, repair, and resurfacing streets and 
highways the Borough Manhattan only, and not for new construction 
complete repaving streets, which done private contractors. 


The Municipal Asphalt Plant the Borough Manhattan, after 
years operation, has clearly demonstrated that asphalt plant, properly 
equipped and suitably housed, can enter the heart urban area and 
fully accepted satisfactory neighbor. this development multiple- 
unit plant can displace the usual practice utilizing numerous small plants 
scattered about the outskirts city. The concentration production 
focal point yields not only higher efficiency reduced cost the plant, but 
also greater efficiency reduced cost the transportation materials from 
the plant the field. 

This plant has firmly established the economy and efficiency electrical 
heating AC, with all lines and equipment appurtaining thereto, for large 
stationary plants. the innovation insulated hot bins has developed 
new operational procedure which lends far greater flexibility plant pro- 
duction. has also definitely demonstrated the feasibility large 4-ton 
batch mixers producing high-grade paving materials. the files ex- 
perience has added profusion data concerning the operation and control 
modern plant equipment and accessories. Lastly, hoped that this 
treatise may assist other plant designers and operators utilizing some 
the information gained. 
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DISCUSSION 


Oscar Jun. description the Municipal 
Asphalt Plant interesting that records the developments and advances 
that have been made. The author commended for the careful descrip- 
tion the problems encountered and the measures taken toward their solutions. 

presented, however, the suitability the cost data for comparison with 
the prices competitive producers open question. the writers 
that the data cannot used measure preduction economy. 

arriving total annual overhead costs, essential that proper 
allowance made for capital recovery with return commensurate with the 
risk. The appropriate method determining annual capital recovery cost 


which the uniform annual capital recovery amount; the total in- 
vestment including depreciable assets and land; represents the salvage value 
and the land value estimated realizable the end the useful economic 
life; the expected useful economic life, years; and the interest rate 
appropriate for the risk involved. 

Straight-line depreciation plus average interest may give satisfactory 
approximation when and are small. The author has used straight- 
line depreciation plus interest the initial cost depreciable assets. This 
method overstates the interest cost neglecting the declining balance. 

Interest land value omitted. Although the land was not purchased, 
could have been sold leased and the proceeds could have been used the 
local government. Clearly, therefore, the use this land involves sacrifice 
the city which should added the cost plant operation. the 
absence basis for decision the contrary, common practice assume 
that the present value will remain unchanged and recoverable. 

Prospective lives and applicable interest rates can rarely fixed precisely 
the basis facts. the typical case, judgment plays important part. 
Where genuine reason for doubt exists, conservative practice dictates that the 
higher interest rate and the shorter life chosen. The author’s estimates 
seem far too optimistic. 

Considering the vast changes paving practices since the beginning the 
twentieth century, recent developments petroleum refining, and the prospec- 
tive shortages petroleum oils, capital recovery period years for 
asphalt plant cannot considered safe. The complete elimination 
depreciation the structures comes from the erroneous assumption that, 


Asst. Prof. Civ. Eng., Stanford Univ., Stanford University, Calif. 
Instr. Industrial Eng., Stanford Univ., Stanford University, Calif. 
Acting Instr. Civ. Eng., Stanford Univ., Stanford University, 


Engineering Economy,” Grant, The Ronald Press Co., New York, 
» 


2 


OGLESBY-HENDERSON-HOLMES ASPHALT PLANT 


the location and the highly specialized nature this plant, the assumptions 
perpetual useful life and constant realizable value are not warranted. 

With regard the choice length life for equipment, inaccurate 
assume length life (20 years), compute annual depreciation charges that 
basis, and then use all part that depreciation for preventive maintenance 
and replacements, thereby doubling the life the asset and reducing half the 
annual depreciation charge. traveling around this circle again and again, 
the depreciation charge soon approaches zero and the life approaches infinity. 

Depreciation charges and preventive maintenance expense are separate 
items cost. Although good maintenance policy will tend prolong the 
life the equipment, the original investment must still recovered through 
adequate depreciation charges. The inadequacy the author’s combined 
provision can demonstrated this way. the amount the depreciation 
charge ($10,176 per yr) were deposited sinking fund and compounded 
annually 2%, the sum available the end years would slightly less 
than $250,000, but machinery costing initially $400,000 would worn out. 

The cost borrowed money (which apparently the author has used) 
rarely, ever, applicable the determination cost. The interest rate 
does not reflect the risk involved public asphalt plant, but reflects the 
investing public’s opinion the general credit the local government and the 
worth the federal income tax exemption local government bond interest. 
suitable interest rate should determined for this particular venture and 
undoubtedly will considerably greater than 2%. 

Certain essential costs are not included the paper, such administrative 
costs, insurance, taxes, maintenance structures, etc. Administrative serv- 
ices, such purchasing, cost and pay roll accounting, personnel administration, 
and great variety miscellaneous items, not appear the cost estimate 
presented. 

property risk exists this plant and, insured, the rate probably 
rather high. not insured, the risk borne the local government 
its self-insurance plan. either case, the cost should allocated the 
product. 

The omission property taxes error considerable importance. 
The effect the taxpayer must kept mind for the ultimate purchaser 
the paving material. taxes omitted computing the cost the 
paving material, the equivalent sum must paid other ways. Since private 
manufacturers are among the taxpayers, obviously unfair omit taxes for 
the public manufacturer but include them, necessary, competitive 
Maintenance expense the structures also omitted; and this 
expense unlikely negligible over long period time. 

Although most these comments are directed toward understatements 
costs, they not necessarily imply that accurately determined cost would 
compare unfavorably with the prices private manufacturers. Furthermore, 
unfavorable direct cost comparison must tempered consideration 
the value extra services not reducible money terms. 
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the opinion the writers, the cost data developed the 
author are unsuited for comparative purposes because his treatment 
capital recovery (depreciation); the omission the present realizable value 
the land and depreciation structures; the use unwarranted long lives; 
the confusion depreciation charges and maintenance expense; the adoption 
too low interest rate; and the failure include administrative costs, in- 
surance, taxes, and maintenance structures. 


Creep,” Assoc. ASCE.—The frank discussion the troubles 
encountered Municipal Asphalt Plant New York, Y., refreshing. 
Too often such things are somewhat glossed over entirely. 

The selection site for asphalt plant any settled area always presents 
many difficulties, which have been met excellently this case. One the 
major costs asphalt pavement frequently that hauling the hot mix 
from the plant the street. The central location minimizes this cost, and can 
well offset the extra cost location expensive property. Even the pre- 
vailing wind seems have favored the site, blowing the dust across the river. 

The materials seem well handled, although the capacity 100 tons 
per might seem little small for the rock and sand conveyer. The bulk han- 
dling powdered limestone other finely ground mineral dust always presents 
many problems, the principal which are keep aerated and thus pre- 
vent packing. lower silo would help somewhat, would reduce the pres- 
sure and minimize avalanching. 

The 700-ton storage would give 20-day run batching 700 tons per 
that shallower and smaller bins might suffice. The two mixers 
are arranged quite conveniently, assuring sure supply mix case the 
breakdown one the units. course, this arrangement increases the cost 
the installation, well the space occupied—quite item central 
location, expensive property. 

The setup for aggregate handling good. The system feeding the aggre- 
gate from several bins onto belt makes for good control the grading the 
cold feed. The capacity tons per would seem little small, but with 
large plant bins and irregular demand, may suffice. pan feeder under 
the sand bins very satisfactory, feeding even rather wet, fine sand quite well, 
and obviating the necessity for vibrators. Ordinarily direct feed from the 
belt the cold elevator pit will give very uniform feed. 

The double-fired type drier unfamiliar the writer. Ordinarily jet 
type burner with pressure about 150 per in. the fuel oil, and 100 
steam compressed air, installed. From two three jets are generally 
set up, which are used develop the proper heat with the most efficient opera- 
tion the burners. The suction fan, with capacity from 25,000 
40,000 ft, the dust collector will draw the fire well into the front end 
the drum, with very little, any, tendency for back draft. 

Since coating the combustion chamber drier almost unavoidable, 
its removal considered routine maintenance operation most plants. 
There seems real substitute for good fireman when comes con- 
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trolling drier temperatures. system whereby the cold feed can kept uni- 
form, both quantity and moisture content, and close correlation 
between the operation the cold feed and the fire are essential. correctly 
set pyrometer the drier discharge helpful, but this instrument has tend- 
ency lag. The vertical hot elevator always troublesome for the reasons 
given the author, and should avoided, even the expense the extra 
space required the inclined type. The choice vibrating screens wise 
one. Much better screening can obtained than with revolving screens. 

Insulated hot bins are great help, particularly plant where there 
much stand-by time. Big bins, such those the Municipal Asphalt Plant, 
are also invaluable, giving they much surge space. Continuous run- 
ning the drier important maintaining even mix temperatures, and big 
bin storage mininizes drier shutdowns. the writer’s experience, has been 
found necessary have least three bins; and, coarser mixes, four bins are 
preferable, obtain properly graded mix. 

The asphaltic cement (AC) seems excellently handled the plant. 
the writer’s experience, asphalt has generally been with steam coils 
the tanks; but, the system may well have many advantages. 

The size the mixers rather startling one who accustomed plants 
using mixers from 3,000-lb 4,000-lb batch capacities. the writer’s 
experience mixing times sec for asphaltic concrete and sec for plant mix 
have always proved adequate coat the aggregate thoroughly. properly 
set-up plant, 45-sec and 60-sec cycles, respectively—or capacity 120 tons 
per for the 4,000 plant running asphaltic concrete—are necessary. 

The writer has usually found advisable weigh the batch asphalt, 
using hanging bucket and dial scale. The bucket allowed fill the 
desired weight while the aggregate being batched into the weigh box. When 
the mixer dumped and the discharge gate closed, the aggregate for the new 
batch dumped into the mixer and then the asphalt dumped in, using either 
dump Generally the gravity dump produces satisfactory 
results the distributor pan properly adjusted, and has the advantage 
not breaking down, which not always the case with pump. Asphalt fed 
the weigh bucket with two-way valve, which by-passes the asphalt back 
the storage tank while the feed the bucket shut off. Metering has the 
inherent weakness that the volume asphalt will vary with temperature 
changes. Also, meters have tendency break down times. 

With only “multiclone” precipitator, remarkable that there has not 
been more trouble with dust. Numerous operations have been shut down 
injunction, and damage suits sustained the strength dust from plants 
much less populous areas than New York. Electrical precipitation will un- 
doubtedly clean the situation. would have been interesting have in- 
cluded the considerations which led the adoption electrical precipitation 
rather than the more familiar steam water spray methods. 

The costs producing material seem quite reasonable, considering the 
necessary operating conditions. The crew twenty one seems rather large for 
highly mechanized operation such this. would interesting see 
breakdown duties. One fallacy which enters the cost picture the failure 
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charge item for taxes. the city sold the property private individual, 
would pay taxes the city. Therefore costing the city that much 
money own the property and the taxes should included obtain true 
cost picture. 

All all, Mr. Csanyi has written very interesting and instructive paper, 
and merits the thanks those the profession whose work involves the use 
asphaltic paving. 


ASCE.—Messrs. Oglesby, Henderson, and Holmes have 
introduced into their discussion age-old controversy which will range for 
many years come—namely, public methods versus private methods 
financing and accounting. Although this cannot settled here, only 
fair since one side has been portrayed present the other also. 

public financing, regardless the method, the primary object must 

always be: Does the taxpayer receive full value? assure that does, 
therefore, each project must considered upon its own merits and not 
generalities. This particularly true operating plants, and holds alike for 
public private enterprise. Furthermore, those services rendered which 
not reduce readily monetary basis must evaluated and given proper 
proportion the final analysis. Thus, general formulas not readily apply 
without extensive and proper adjustment. 
for (risk), Eq. for plant whose full output assured long 
operates. Also, this had been private enterprise, the value would have the 
used gives reasonable value for 

Another omission cited interest land. The conditions that permit 
such omission are follows: The land, originally swamp, was purchased 
for very small sum many years ago. Private enterprise was glad rid 
it; yet when the City New York (N. Y.) converted convenient 
dump for the disposal excavated materials, private enterprise well the 
the city used gladly tosave money. 1913 the city reclaimed the filled area 
for the site the old asphalt plant; years later the construction the 
East River Drive enhanced the land values this area point where this 
site was valued $3,000,000. The reasons why the land was retained the 
site the new plant are adequately indicated the paper. Under these condi- 
tions interest could not properly charged original cost, actual cost (in- 
cluding the large savings made), present value. taxpayer required 
pay this interest charge the cost materials used pave emergency 
water pipe repair his house would have legitimate complaint. 

Taxes fall into similar position interest under these conditions. Con- 
sidering land alone, there substantially nothing tax. The discussers hold 
that private enterprise would have pay the same situation, and that this 
sum has been removed from the tax rolls. This argument open question. 
Another site equally expensive but less efficient would still reduce tax rolls 
and cost more. Why build the plant all? carry this reasoning the 
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ridiculous, why should the city build anything? Why not turn back the 
streets, they are valuable and would greatly increase the tax rolls? The 
answer found whether the taxpayer gets fair return. 

The problem taxes the improvement poses similar questions, dependent 
specific conditions. This plant operates when the management private 
enterprise deems operation uneconomical inexpedient. Emergencies exist 
during rainy days and inclement winter weather. These emergencies must 
met and damage must repaired public life and property are protected. 
true that the production costs rise when the plant produces from only 
tons tons these days. Estimated cost production $25 ton; yet 
this rate averaged annual basis and the taxpayer charged the 
nominal rate. this plant were not existence, and private enterprise were 
induced meet the need, the cost per ton would nearer $50. Since the 
plant operates about 100 days per under these conditions, saving 
tons per day for 100 days $25 ton would amount $100,000 per yr. 
the taxpayers paying the specific bill for this material, will amount 
$180,000 per yr. Taxes average $3.00 per hundred for $1,200,000 
equal $36,000 improvement, $126,000 land present value plus 
improvement. Taking the difference equal $26,000 the latter, this not 
too high cost for services rendered protecting life, limb, and property. 

Depreciation major dispute not only public enterprise but also 
private enterprise. Again, examine the conditions. The vast changes referred 
the discussion not apply that manufacturing where only refinements 
have been developed. Furthermore, the plant designed anticipates future 
modifications readily incorporated. Thus, sudden obsolescence not 
expected. Therefore, years life for equipment seems reasonable, particu- 
larly when the old plant operated years without major replacement. 
equipment cost, this included such items bins, electrical controls and wiring, 
supporting structure and foundations for machinery, tanks, piping, and other 
items which have life expectancy excess years. The discussion cal- 
than enough meet the replacement cost the operating machinery. Fur- 
thermore, the large annual costs included under maintenance, and preventive 
maintenance under labor, provide leeway for long life both equipment and 
structures. (Pay roll, purchasing, supervision, etc., have been covered under 
supervision labor cost breakdown.) 

This the other side the argument. The reader should appraise the 

Mr. Creed has indicated interest the reasons behind the selection 
electrical precipitation for last-stage dust control. Both methods mentioned 
and many others were studied before final decision. all these methods the 
purity the stack exhaust proved below the desired result. Other ob- 
jectionable problems were introduced also—namely, collection and disposal 
sludge produced and loss dust. Since the paper was prepared, this in- 
stallation has been placed operation. The system, the first its kind 
used for this type work, functions excellently under wide range stack 
temperatures, steam content flue gases, and gas volumes. The combined 
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system removes 99.7% dust, makes the stack discharge purer than the sur- 

rounding atmosphere, and frees the plant from reliance favorable winds. 
Although the original manuscript (on file the Engineering Societies 


Library) contains breakdown personnel, brief review here may serve 
worthy purpose: 


Department Function 


charge 


Number of men 


Supervision and office Foreman 


Clerk 


|— 


Craneman 
Materials handling Barge trimmers 


Conveyor operators 


Manufacturing paving materials Drier man 


operator 
Mixer man 


Master electrician 
Electrician 
Maintenance and repair (regular and pre- helper 
ventive; also asphalt and dust handling) Master mechanic 
Mechanic 
helper 
Oilers 


General Laborers 


From this breakdown, will noted that only thirteen men are required 
operate the plant. The other eight are used for extensive preventive main- 
tenance and repair equipment and structures. The cost per ton slight for 
the return long efficient life required municipally operated plant. 
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THE LOGICAL SYSTEM FREIGHT RATES 


AND CHARLES HALL. 


SYNOPSIS 

The effects the existing illogical system freight rates are presented, 
and plea made for new system. The plan calls for separation, 
reflected all rates, between terminal charges and actual transportation 
charges. further requires (1) uniform classification all freight, regard- 
less its method carriage; (2) charges for each form carrier, uniform 
throughout the United States, fixed each branch the transportation in- 
dustry terms the cost moving the most easily transported product; (3) 
ratio between charges the various types carrier, determined 
independent members the engineering profession; and (4) determination 
public body the basic rate, which the foregoing ratios shall apply. 


Struck the difficulty determining the savings resulting from the in- 
troduction new form carrier between any two terminals, the writer has 
analyzed the existing system fixing freight rates. This analysis has con- 
him that the public can fully served only the whole freight rate 
structure established purely rational basis without regard for what might 
called the motives which the existing system rates 
based. 

The United States has been built internal free trade. Thus, any com- 
modity can moved from any point within the country any other point 
within the country without consideration either customs duties the rela- 
tive values money, there are customs and the value money uniform. 
Moreover, the cost the sale the distribution article, once arrives 
its destination, independent its place manufacture. one claims that 
the United States could have been built any other system. Admittedly, 
however, the price the article, when sold the ultimate consumer, must in- 
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clude the cost transporting from its point production its point con- 
sumption. 

From the standpoint national prosperity and union, the point 
selected manufacturing processing site should the place where the 
necessary raw materials can most economically assembled and processed, 
and where the total cost transporting the finished products points con- 
sumption isa minimum. This is, more less, how manufacturer selects 
site. the cost assembling raw materials and transporting the products 
thereof based entirely the necessary expenses transportation, all sections 
the United States would treated fairly. Each area the country would 
engaged the business can most economically pursue. 

If, now the case, the cost transporting any particular raw materials 
manufactured products due any plan for putting more than fair share 
transportation cost few items, items manufactured one section 
the United States, order permit less then fair share such cost 
allotted some other items, items from some other part the country, 
somebody being treated unfairly. The economic result the processor 
manufacturer the same that would suffer duties were charged 
imports, his dollar were depreciated. The system under which the 
country has been built would then have been altered, and the national union 
weakened. 

These truisms have scarcely ever been denied. Discussion details nearly 
always has been based the definition Few members the engi- 
neering profession have been heard from. This paper attempt apply 
engineering principles the question freight rates. 

course commodities moved are not identical. Nobody expects 
transits moved any cheaply crushed rock. From the 
standpoint pure logic, freight should classified according the difficulties 
involved loading, transporting, delivering, and protecting it. This latter 
factor will allow some higher classifications for more expensive products. The 
obvious first step regulation freight rates the classification all forms 
material into few groups (or classes) possible. The classification must 
applicable all forms carriers, with the exception some products which 
are physically unsuited some carriers—for example, very few types freight 
can carried pipe lines. Subject that limitation, however, there should 
general classification freight, agreed representatives all the car- 
riers the United States. Normally they should agree. they not, the 
Interstate Commerce Commission will have the work. 

When package moved from point point four different services 
are performed. Somebody loads the package into vehicle moves the 
vehicle (with the package it) from unloads the package and 
meanwhile protects from weather and thieves. The costs incurred loading 
the package are, the normal case, independent its destination and are due 
solely the physical characteristics the package, its volume, its mass, and 
the number packages the same sort, intended for the same vehicle, com- 
weight, the distance travels, the amount uphill haul involved, and—in un- 
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balanced traffic—the distance the vehicle must subsequently travel unloaded 
secure another revenue producing load. The cost unloading depends 
the same factors does the cost loading. The cost protection varies 
with packaging, perishability, and value. 

These costs cannot, course, isolated for any particular package, because 
there are too many variables. Certain terminals are more efficient than others. 
usually cheaper move vehicle given number miles much- 
traveled road than poorly-traveled one, because there vast amount 
road maintenance and central operation partly independent train density. 
Taxes vary from state Nevertheless, although the cost moving any 
particular package cannot determined, possible determine—on 
national basis—the relative costs loading (or unloading) package one 
type and package another. Similarly, possible compare the cost 
transporting vehicle one type and gross weight for given number miles 
with the cost moving vehicle another type and gross weight for the same 
number miles. even possible compare the relative costs moving 
vehicles where there much uphill haul, and where there none. The costs 
protection can divided into protection connected with loading and un- 
loading, and protection transit. 

Let algebraic symbol, assumed the lowest unit cost. This can 
perhaps taken the cost transporting ton coal for mile railway 
grade, the coal being moved part carload lot consigned one point 
one consignor another point for one consignee. should then possible 
state, multiple every other factor connected with every other cost. 
For example, take ton household goods, moving part carload lot. 
The loading cost might 450 per ton; the ton-mile cost, the elevation 
cost, based the number feet increases elevation all the uphill 
grades, per ton-foot; and the unloading cost, 390 per ton. 

actual practice, course, very few cars, except those moving less than 
carload lot shipments, are loaded unloaded the carrier. desirable, 
however, retain the loading and unloading charge cover the few cases, like 
transfers from rail truck carriers, where incurred. Moreover, some part 
(perhaps 15%) the loading fee should charged against the shipper under 
any circumstances, because the carrier accumulates terminals some charges 
which cannot equitably assessed any sort mileage basis. prevent 
abuse terminal facilities there might minimum charge per car, regardless 
the weight its contents, avoid very short carload shipments. 

should noted that the loading and unloading charges are based the 
weight the packages moved, whereas the ton-mile cost should equitably 
based the weight the loaded vehicle. This would automatically dispose 
arguments about minimum carloadings. the shipper wanted pay 
rate based 50-ton car for moving lb, that would his privilege. 
would, perhaps, have had pay minimum terminal fee, indicated the 
preceding paragraph. Naturally, the surcharge uphill traveling also should 
based tare weight. Carload lot tariffs would thus require only three sub- 
heads under each classification freight: Loading charge per ton (net), trans- 
portation per ton-mile (gross), uphill haul per ton-foot (gross). would 
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probably necessary prescribe that the distance (and the uphill grade) 
the most advantageously situated carrier should govern all movements be- 
tween any two given cities. Otherwise, carrier with few miles shorter haul 
would monopolize all the traffic. However, carrier should allowed de- 
mand rates based its actual mileage willing risk losing traffic. 

The fourth factor governing rates (value the freight) can handled 
several ways. Probably the most convenient assume certain maximum 
values per ton under each classification, eventually reflected the ton- 
mile rate for that class freight, and require any excess risks cov- 
ered insurance. This more less the method compensating for the 
liability now. 

Shipments less than carload lots would naturally involve more factors. 
There presumably would entries the freight rate book under each classifi- 
cation for loading rate per hundredweight, loading rate per individual package, 
corresponding unloading rates, cost per hundredweight-mile, and cost per 
hundredweight-foot for uphill traffic. Needless mention, weights used 
would net. Presumably there would prescribed minimum weight for 
each shipment, that the carriers would not annoyed small packages; 
or, they were annoyed, they would paid for their trouble. 

The preparation the rate book, terms and not dollars, should 
committed representatives the railroads. Presumably these would 
vote according the ton-milage their respective roads. Once all local 
controversies about special rates are eliminated, they will this plan, the 
railroad industry can relied settle these matters better than anyone 
else. Its chiefs are well aware the relative costs moving different kinds 
goods. Nobody the industry should have motive for unbalancing such 
data for sordid reasons. had, his colleagues could soon find him out. 

similar plan must followed for inland river commerce. This branch 
transportation the ridiculous situation charging the same rate for 
upstream and downstream commerce, although everyone knows that the most 
economic balance downstream upstream. Whereas the economy 
bargeload lots should recognized, probably would not necessary 
quote any differences between small lot shipments and bulk shipments, that 
the significant entries the water rate book would number eight—classifi- 
cation freight, loading charge per package, loading charge per ton, corre- 
sponding unloading charges, transportation per ton-mile, percentage re- 
duction this value for bargeload lots, allowable weight maximum package, 
and dimensions maximum package. The table distances would merely 
show water distances between all points. penalize upstream traffic, dis- 
tances upstream should count double. Thus, the present unremunerative 
balance would quickly destroyed. 

The data cited could not course absolute. They would have 
quoted terms some other algebraic symbol which might defined 
the cost carrying ton coal mile downstream. 

The rates should based the expectation that, rail-to-water transfer 
points, the shipper would have pay the rail unloading charge the water 
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loading charge, whichever were the greater. application this rule, joint 
rail-water rates would not difficult determine. 

The maritime industry should decide the costs movement terms 
just previously suggested for the railroads. There would appear 
motive either prescribe unrealistic schedule play false with the public. 

Exactly similar arrangements should made for coastwise and Great Lakes 
shipping, common trucks, pipe lines, and—if deemed wise—air traffic. 
The transportation industry would thus finally have series values, 

independent each other. Obviously, the next problem fix 
problem engineering and should committed group civil and 
mechanical engineers, either permanent members the Civil Service engi- 
neers having financial interest any branch the transportation industry. 
The object setting these ratios cause traffic move along the most 
economical lines, that the real cost the citizens the United States for 
moving unit freight through unit distance will minimum. The 
ratios certainly cannot formulated scare branches transportation into 
reducing individual rates, for which purpose too much competing traffic 
now being used. 

There still remains the basic problem determining the value a—essen- 
tially mixed problem finance and politics, which would have accom- 
plished first-class body responsible the last analysis the people 
(presumably the Interstate Commerce Commission). The task this body 
would fix the minimum value under which the American public would 
served and which, the same time, would provide reasonable return for the 
employed transportation, taken whole. There would little 
temptation either fix the amount too high, for that would bring commerce 
standstill, fix too low, for that would bankrupt the carriers. The 
quality required good judgment rather than the ability resist the pressure 
special interests. 

this connection should noted that subsidy any carrier, 
its operation with public assistance admitted loss, unbalances the whole 
setup. For instance, the granting any form subsidy ocean carrier 
moving from Sacramento, Calif., Houston, Tex., through the Panama Canal 
would result the movement certain goods water between the Pacific 
Coast and Texas which ought have moved rail. Thus, the value the 
ratio between rail and ocean carrier rates reduced artificially. the carriers 
are operating loss the first place, the increased traffic water, caused 
the relative rate reductions, either overloads the subsidy and thus harms 
the taxpayer, deprives the railroad freight and thus drives the rail-water 
ratio further out balance. both. Only carriers meet all 
their own expenses out their own receipts will the logical system freight 
rates work smoothly. 

can thus noted that there are four successive steps establishing 
logical and noncontroversial system freight rates: 


(1) The classification freight according the costs handling it; 
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(2) The establishment appropriate relative costs within each type 
transportation, accomplished body representing the 
industry; 

(3) The establishment ratios between the basic costs the various forms 
transportation, accomplished body representing the 
engineering profession; and 

(4) The establishment basic unit cost national transportation, 

accomplished body representing the public. 


The first task (classification freight) easy the carriers rail, water, 
truck, and pipe line can get along with each other. Even they not, the 
authority charged with adjusting differences should not have too many diffi- 
culties. always possible transfer goods from one class another 
unanimous agreement all carriers. Increase the number classifi- 
cations contested changes classification should made very difficult. 

The second task (rate schedules for the various types carrier) perhaps 
the most difficult, but the results should relatively permanent when once 
accomplished, seldom will any invention make possible carry some par- 
ticular form goods unexpectedly low rate. Revision 10-year inter- 
vals should sufficient. 

The third task (fixing the ratios) must performed from time time. 
Inventions effecting economies one form transportation, but not all 
forms, have been during the life States. Revision 
5-year intervals probably will required. 

The fourth task (fixing the basic transportation cost) will almost con- 
tinuous, for the general level transportation costs altered almost fast 
the cost living. The Interstate Commerce Commission will probably have 
hold hearings the subject every year. 

The advantages this scheme, taken whole, are obvious. The inter- 
minable squabbles between sections the United States, and between ports 
entry, are abolished. The country will better integrated. Transporta- 
tion general assured reasonable return. All freight will moved 
the carrier best suited the task and the nation will benefited thereby. 

The objections the plan rest basically its effects capital already 
expended. Undoubtedly some lines every type transportation will 
forced out business. Certain ports which now have unfair advantage, 
based reasons having nothing with engineering facts, will lose com- 
merce. However, the United States has been built the ruthless scrapping 
outmoded forms industry. The first railroads the west ruined both 
stage coach lines and New England agriculture. Where would the nation 
railroad building had been delayed for any such reason? This plan will put 
transportation its mettle. The best argument its favor that the 


proposed plan were now force nobody would think setting the present 
illogical rate structure. 
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DISCUSSION 


Freight Rates” and the implied definition rates are reasonable far 
they go, but they not take into consideration certain pertinent factors 
that bear relation engineering-economic analysis transportation, 
These factors, some instances, are the only determining elements 
rate setting; fact, sometimes they constitute the sole justification for the 
existence the carrier. Thus, not always true that object 
setting these ratios cause traffic move along the most economical 

Immediate military expediency, flood control, hydroelectric power devel- 
opment, long-range national research and development certain natural 
resources, national policy support the exploitation external natural 
resources, encouragement young industries and travel facilities 
(in furtherance national military potential), use mail service subsidy—all 
these have been, are, and will continue be, factors major influence the 
national transportation system. Because them, the 
carriers meet all their own expenses out their own receipts will the logical 
system freight rates work considered absolute. 

sidered self-sufficient, rate setting must such that income will amortize 
the capital investment, pay operating expenses and maintenance, permit 
normal replacement, and yield attractive profits. When the enterprise not 
self-sufficient, and when the operation the carrier maintained only 
continuous subsidy, then evident that some purpose besides that com- 
mercial transportation being served. Assuming that any one, any com- 
bination the noncommercial purposes listed the second paragraph this 
discussion being served the carrier, then the problem that paying for 
the noncommercial purpose being served. Such purpose normally has its 
inception with some agency (federal, local, combination both) which sees 
its implementation, and sometimes, its subsidy. 

Shall the freight rate the carrier that not self-sufficient such that 
would the rate hypothetical self-sufficient carrier rendering the 
same commercial service competitive basis well-developed area, and 
thus permit mail service subsidy direct subsidy satisfy the resulting annual 
deficit? Or, shall those who use the carrier required pay rate that will 
make the enterprise solvent the basis commercial use only? 

The answer the question seems lie the definition the 
carrier serves commercial purpose only, and operated monopoly 
quasi-monopoly, the concept rates defined Colonel Hall would 
appear valid. However, the carrier serves, part, noncommercial 
purpose, rates should determined the character that purpose. 

the noncommercial purpose bears relation commerce (for example, 
military expediency), the agency initiating the action implement that 
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purpose should obliged stand its cost through direct subsidy service 
subsidy; and rates should matter maintenance and operating costs only 
(no amortization profit included). 

the noncommercial purpose long-range commercial venture (such 
shifting encouragement industry, travel facilities), the rate should 
one that could initially compete with similar existing services; and annual 
deficits must satisfied the initiating agency. these cases assumed 
that within reasonable period the development the areas involved would 
adequate carry the carrier without subsidy. However, must noted 
this regard that some industries, transportation facilities, and settlements 
are long-range ventures into military potential. such cases, long the 
need for the potential judged exist, rates should set attract 
personnel and equipment that would accomplish the ultimate military objective, 
with regard engineering-economic analysis. Deficits, course, should 
then met indefinitely subsidy. 

the nonmilitary purpose related indirectly the economic well-being 
region, another factor must considered. Many these enterprises, 
especially related water, are dual and sometimes triple purpose. Water 
transportation frequently the concomitant benefit the basic enterprise 
when flood control and hydroelectric power development alone are 
times, river canalization the primary objective; but the indisputable fact 
remains that without too basic modification design concepts, and with 
proper sequence storage and release, all three benefits may secured. 
general, assumed that the rise land values resulting from flood protection, 
added power, and reliable transportation could amortize entire project 
within 50-year period. such cases would seem reasonable that the in- 
creased revenue the region derived from land taxes, new industries, and com- 
merce should applied toward amortization the capital investment, whereas 
maintenance and operating costs should satisfied electric rates (for 
power) and lock and canal rates (for river transportation). 


Orro Assoc. ASCE.—The proposed scheme for establishing 
logical rate structure well set up, and worthy most serious consideration 
legislative bodies. However, major constitutional obstacle the distinc- 
tion between interstate and purely intrastate transportation. 

Under one set circumstances—namely, when the rate more than 
the traffic can bear—an exception the system should made. example 
might bulk agricultural product grown region far from the market 
that cannot produced and sold profit without favorable freight rate. 
Such product might well keystone the economy the producing region. 
can shown that the commodity question will not produced and 
shipped all except with freight rate concession, special rate justified 
if, and only if, the net earnings the carrier giving the rate concession will 
less than they would without giving it. The carrier would then not 
subsidizing the commodity, nor would other commodities, neither the 
shipping costs other shippers nor the carrier’s earnings would adversely 
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affected. the contrary, the entire economy the region would benefit. 
The writer believes, however, that special rates should never allowed 
increased shipping costs other shippers loss earnings the carrier 
would result. 


ALEXANDER thesis this very brief paper that the 
existing system freight rates illogical and that new system required. 
the writer seems that one-half dozen pages too little space for disposing 
this complicated subject. Many important factors have thus been omitted 
from consideration—the complex nature the nation’s industrial life; the 
geographic pattern seacoasts, ports, rivers, and harbors; the number and 
kinds transportation services available different parts the United States 
which are dependent the volume traffic; the costs handling such traffic; 
and the effects competition. formulating new system, the author may 
properly criticized for oversimplifying complex, controversial problem, 
mechanical, formulated “template,” which not readily adapted the 
engineering approach. 

Density traffic, the value the commodity, and the service which the 
ability pay freight rate making based, for example, have direct effect 
the level freight rates. thus that commodities higher value can 
required bear fair share the transportation burden, and that raw ma- 
terials can move cheaply points manufacture; yet, these factors receive 
consideration the paper. That there are distinct differences between 
types transportation and between carriers the same type, and that differ- 
ent costs result from their operations, not enter into Colonel Hall’s proposal 
for new system. 

Actually, all kinds business are located everywhere, and there are in- 
dustrial reservations which only certain kinds manufacture are located 
the exclusion others. rational approach any new system the entire 
effect geographical distribution wealth, raw materials, manufacturing 
skills, agriculture, mining, and other kinds industrial activity must taken 
carefully into account. the writer, seems that the only way that the 
author’s proposal could put effect would make few individuals 
groups men responsible for rearranging the nation’s industry and its com- 
merce conform his pre-arranged system, and thereafter administer the 
freight rates engineering formula. 

The new system proposed would eliminate competition quite effectively; 
and, that the price that the nation must pay obtain the ultimate 
simplicity rate making, one problem may seemingly solved only create 
many new ones, more dangerous than the present problems. Finally, Colonel 
Hall proposes system engineered differentials keep each form trans- 
portation some allocated place. The fundamental fallacies that some body 
men represents the entire transportation industry (or that should) and 
that would possible leave the element competition regulation 
the engineering profession are involved the author’s assumption. 

According the author should always possible transfer goods from 
one prescribed class another unanimous agreement all carriers. 
Mgr., New York and New Brunswick Auto Express, Highland 
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the present time has been impossible gain unanimous consent even among 
one type carrier. The Interstate Commerce Commission having difficult 
time establishing uniform classification freight even between rail carriers. 
What would the elements comprising basic unit cost transportation 
which the public (presumably through the Interstate Commerce Commission) 
could fix freight rates outlined the paper? Rail carriers may using 
40-ft boxcar, motor carriers 30-ft trailer, and steamships their sundry volumes 
hold and deck space. How would the author suggest that light and bulky 
articles classified uniformly obtain the unanimous consent all, 
some weight and measurement basis? 

The author would fix rate schedules that they would need revision only 
once every years, against the present thousand changes more each day. 
The engineered differentials would fixed 5-year intervals. The proposed 
basic factor (which not defined clearly the paper) would examined once 
each year. The dynamic transportation industry, with its numerous facets 
commerce, would placed drawing board; would examined with 
dividers, engineers’ scales, slide rules, and other engineering implements, until 
the plan conformed with the assumed dictates fixed formula and then 
may be. The author shows scant interest in, sympathy for, the competition 
for markets and the rivalry between ports. Presumably one two ports would 
selected move the traffic, and the remainder would employed for some 
other, unspecified, use. This would the purest kind economy” 
which, finding itself odds with reality, and inadequate meet the needs 
dynamic commerce, would propose limit commercial freedom gain its ends. 
would stop the pulse commerce, destroy all initiative and free enterprise, 
and would substitute the approach engineered problem held check 
rigid timed formulas produce preconceived result. 

The writer can assemble words strong enough condemn the philosophy 
this paper. would “stop the clock” and stifle progress transportation 
forever. would the opening step establishing technocratic state, 
because the same engineered could applied with equal impunity 
every form enterprise. would impose superplanning board run things 
the engineers would have them, and would substitute drawing-board planning 
for real lifeblood thinking and action. The freight rate problem difficult 
one. Possibly overcomplex, and doubt changes could made 
simplify its structure, and create better adjustments. 
This, however, not stagnant need, regulated valve and turned 
and off will. ever present the living organism commerce which 
transportation serves. treat the author proposes would require control 
iron hand motivated iron will. Colonel Hall’s theories must 
rejected their entirety. They hold single suggestion improvement 
natural changes and constructive planning. ‘To accomplish what proposes, 
would first necessary destroy the forces that make the present situation 
seem illogical. would certainly high price pay for logic 
applied one activity otherwise illogical world. Even the engineering 
profession, the place for the drawing board and slide rule subordinated 
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dynamic thinking and planning. These devices are servants—not the master— 


ASCE.—At first glance the design logical 
scale transportation charges might appear fall outside the province the 
engineer, but close look the existing rate structure reveals inequalities that 
add complications practically every problem that confronts him. Trans- 
portation seems the only important element the entire process pro- 
duction, assembly, manufacture, and distribution that cannot measured 
terms standard yardstick uniform value. 1947 public carriers 
transported 995,000,000,000 ton-miles freight cost the American 
people but under those impressive totals lies almost 
hopeless tangle conflicting rate bases. Under logical scale charges the 
concentration fuels and raw materials and the distribution the end products 
could expected occur rates established minimize the need for trans- 
portation, recognition the natural accessibility sources and markets 
the milling plants. Under the prevailing system, however, these processes are 
controlled rates adjusted the carriers, far regulation permits, 
encourage long hauls, discourage competitive movements, and exact 
much revenue from the remainder the freight the traffic will bear. There 
nothing astonishing this policy the carriers thus promote the commod- 
ity which they have sell, long legislative and regulatory bodies seem 
encourage view transportation end itself, rather than means 
anend. There room for legitimate question, however, whether this has been 
the policy best adapted the development the United States along sound 
lines. 

Before discussing any shortcomings the author’s formula may ap- 
propriate examine the flaws which seeks cure. The original system, 
under which transport agencies were supposed the producers 
and shippers their respective lines independent rate adjustments, was 
inherited the Interstate Commerce Commission before 1890 and many its 
defects still remain plague the shipping public. Apparently the majority 
regard this benevolent dominion over its welfare just another unnecessary 
and unpredictable business risk. The commission’s efforts eliminate such 
discrimination have been hampered not only the fact that its function has 
not been establish rates but rather pass judgment upon them, but also 
the fact that the original, basic rates available for measuring comparative 
reasonableness may, themselves, have been unfair and discriminatory. 

According prevailing practice, the selling price transportation repre- 
sents three-way compromise among conflicting requirements—the demand for 
the service, the revenue needs the carrier, and the ability the traffic pay. 
Only the aggregate must earnings cover the full cost operation, fixed 
charges, and return investment. Demand for the service measured the 
difference price the goods origin and destination, and this spread, 
turn, determined the carrier’s test what the traffic will bear. Within 
regulatory restrictions, rates are continuously adjusted and readjusted 


5 Chf., Div. of Economies, Board of Engrs. for Rivers and Harbors, Washington, D. C. 
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response what these agencies believe their best interests. The 
doubtful economic soundness.of this policy defended the so-called 
pocket-cost” traffic” principle. This theory recognizes two distinct 
kinds expense—(1) those constant, general costs that can assigned only 
the conduct the enterprise whole, and (2) those variable expenses that 
are directly allocable specific commodity movements. Costs the first 
group not vary with temporary fluctuations tonnage; those the second 
group are added the traffic added and are saved when the freight not 
hauled. Advocates this basis rate making, chiefly among the railroads, 
claim that with the transportation plant functioning and the supervisory staffs 
employed, few more tons can always added car, few more cars 
added train, without incurring commensurate increase total carrier 
expense. accordance with this philosophy they can successfully justify the 
establishment competitive rates covering only fraction the fully distrib- 
uted costs, and yet term them compensatory. 

The theory clearly requires the assumption ample unused freight carrying 
capacity and its validity obviously depends upon whether the long-term result 
issought. There would profit merely meeting competition perma- 
nent scale charges fixed below fully compensatory levels because, the long 
run, the maintenance such scale would constitute drain invested capital. 
The only logical objective would the effective discouragement competition 
followed the restoration monopolistic rates. The flaw the logic this 
policy readily seen. 

Railroad ton-mileage has increased more than fivefold since 1900. the 
normal development each major line there has come point growth when 
one more ton required additional car; when one more car required addi- 
tional train; and when one more train called for double-tracking the main line— 
each additional step being accompanied commensurate expansion termi- 
nal and yard facilities and Hence, over the long-term period, out- 
of-pocket costs have practically coincided with full costs, and economic justi- 
fication for noncompensatory rates the “added traffic” basis disappears. 
Despite its obvious unsoundness, however, the principle still invoked 
support most rate cases fought before regulatory agencies. Since the burden 
meeting constant overhead expenses merely shifted such distortion 
rates from competitive tonnage noncompetitive tonnage, the public pays the 
bill any case. Notwithstanding the skepticism with which the rate experts 
view suggestions from the outside, can safely stated that thesis such 
spurious validity would not long survive ordinary engineering analysis. 

Added the illogical character the existing rate system the companion 
defect instability. sooner have general adjustments been decreed than 
the jockeying for special advantage begins all over again. 1947 less than 
109,965 tariffs containing changes exceptions freight, express, pipe line, and 
forwarder rates were published, and this number does not include the thousands 
intrastate order for the validity one these rates chal- 
lenged successfully, the ponderous machinery the Interstate Commerce 
Commission must set motion the complainants. Some the more 
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comprehensive rate proceedings may grind for years, until the situations have 
changed radically render the dockets obsolete. claim that such 
cumbersome procedure any appreciable degree responsive current and 
changing needs business would unrealistic. The author proposes cure 
these defects with highly simplified, rigid, mechanical system fixing rates 
the basis the full cost providing the transportation service. 

The science cost finding transportation has developed point where 
may called well nigh perfect. Objection the use costs comes, not from 
the shipping public, but from the firmly established carriers and rate making 
specialists, learned the rituals the existing labyrinthian system. Never- 
theless there clearly discernible trend not only rate regulation but the 
conduct modern transportation rely more and more cost guide 
reasonable and profitable rates. Such authorities Eastman (Petroleum 
Products Case (194-I.C.C.-31)), former chairman the Interstate Commerce 
Commission and wartime Director Defense Transportation; Talmage, 
Director the Water Carrier Division the Interstate Commerce 
group midwestern motor carriers; and the Senate Subcommittee Small 
Business" have expressed themselves believing that system rates for all 
carriers based cost plus reasonable profit would better for all concerned, 
including the nation itself and its industries, than any systerh competitive 
rates. method offsetting government subsidies, General 
Traffic Manager the Aluminum Company America, suggests the enforce- 
ment rate differentials among the respective forms transportation, arrived 
using the bare cost operating each facility, exclusive roadway ex- 
pense. This proposal drew sharp rejoinder from Markowitz," Jun. ASCE, 
spokesman for New Jersey motor express company, who offered counter- 
suggestion the dropping the controversial subject subsidies favor 
general improvement service under rate policy, making rates upon the 
fully allocated costs each form transportation. 

Despite this evidence fairly general concurrence full carrier costs 

the appropriate basis for establishing rates, this writer does not agree that 
would practicable expedient impose rigid service cost basis the 
transportation system the United States all once. believes that reali- 
zation its manifest advantages should set long-range objective 
rate regulation. would attained gradual and cautious advances, 
avoiding, the one hand, abrupt dislocations the industrial pattern that 
would entail extensive sacrifices invested capital, and, the other hand, the 
letting down the bars the usual reactionary forces disintegration that 
have always heretofore frustrated efforts toward uniform standardization the 
rate structure. 


Marine News., October, 1946. 

Traffic World, June 15, 1946. 

September 14, 1946. 

Print No. 14, 79th Cong., Session, 1946. 
2 Trafic World, November 6, 1948. 
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this critic, the ingenious mechanism designed Colonel Hall 
ment his proposal seems meet many the practical requirements for work- 
able rate formula. Its manifold advantages should not discounted em- 
phasizing its defects. The writer must confess that cannot see all the way 
through happy solution all the complexities that might arise the 
application the proposed formula. not convinced that the element 
demand for the service can safely ignored altogether. not certain that 
the distance scales should not modified factors that recognize regional 
differences density population and functional differences through and 
local hauls. believes that certain commodities need milling-in-transit 
privileges and the the liberalizing transit arrangements eliminate preference 
for particular types carrier will prove difficult. However, many refinements 
take care special situations undoubtedly could, and would, made the 
gradual adaptation uniform policy. The writer inclined leave the 
mechanical adjustment the system the traffic experts and concentrate 
what believes the most significant passage the paper under dis- 
cussion. 

The author puts his finger the most serious deterrent the adoption 
his proposed system when recognizes the inconsistency the existing com- 
petitive situation which some modes transportation must pay for their 
roadbeds, whereas the routes others are partly wholly subsidized 
federal state governments. contends that subsidy any carrier, 
its operation with public assistance admitted loss, unbalances the entire 
setup. Only carriers meet all their expenses out their own receipts will the 
logical system proposes work smoothly. Since appears highly improbable 
that public aids highway, airway, and waterway development will ever 
entirely abandoned national policy, the only way that carriers operating 
over these types improvements could brought into line with the author’s 
requirements would the assessment tonnage taxes cargo cargo 
capacity sufficient pay the carrying charges the facilities they use. The 
author infers that until this done, there can just and reasonable appli- 
cation uniform service cost basis rates. 

The writer holds that the converse equal significance, that there can 
just and effective application the tolls principle motor water 
transportation unless, and until, rigid cost-of-service basis rates uni- 
formly imposed all types carrier. Because their ubiquity, railroads, 
for instance, can handle any commodity movement open any other mode 
transportation intercity carriage. Under the present system they can and 
depress their rates any block competitive traffic they choose select; 
and they raise rates proportionately other traffic out reach the restricted 
types carrier. Barge lines, particular, have such blocks noncompe- 
titive traffic within the limited scope their transportation activities upon 
which they could shift the burden levying higher rates. They have 
noncompetitive freight. All their tonnage movements must carry their full 
share the total expense these enterprises are prosper. tonnage taxes 
were imposed their operations, such taxes would have passed along 
the shippers proportional additions each rate. thus becomes clearly 
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apparent that these water lines would the mercy carriers with diversi- 
fied traffic and could eliminated from the competitive field, one one, 
selective rate cutting. Under tolls system, their only defense would 
rigidly enforced adherence the part all modes transportation some 
such system that proposed the author, which each commodity move- 
ment would charged its commensurate share full carrier expense. 

certain vital aspects transportation there practically unanimous 
concurrence. universally conceded, for instance, that adequate carrier 
potential must maintained sound and stable footing enable 
handle the national freight burden time war. The transportation 
agencies not only must prepared move the ordinary goods commerce 
along established routes sharply increased volume, but also must ready 
for prompt expansion facilities handle uncommon types matériel and 
munitions between unaccustomed terminals short notice and with minimum 
delay and congestion. indicated the author there opportunity here for 
sane compromise between the needs peace and war. There justifi- 
cation for setting the controlling scale rates high peacetime perpe- 
tuate the penalties unsound conception, faulty design, and extravagant 
financing that characterize many marginal transportation units. Most these 
high cost properties furnish unnecessarily expensive peacetime surplus 
freight carrying capacity, basically incapable profitable operation any 
rational basis and representing their maximum recoverable value salvage. 
Under the rate structure proposed Colonel Hall, these wasteful enterprises 
would eliminated from the competitive field and the national transportation 
system made healthier such economic surgery. 

Any reliable industrial map the United States shows that the principal 
manufacturing centers (which, according Colonel Hall, should located 
with view their accessibility raw materials and markets) have long since 
become almost irrevocably concentrated other considerations into rela- 
tively few limited areas. Under the existing rate structure, with its low charges 
long hauls favoring these concentrations, there but little economic incen- 
tive toward changes location. Doubtless, had the author’s rate making 
formula been adopted century ago, development national resources would 
have followed more rational design and the problem sunk capital would not 
now count heavily against dispersal. The principal grounds for hope for 
more favorable distribution processing sites accord with balanced trans- 
portation pattern seem lie the manifest trend national activity since 
1945 toward general decentralization. writer does not see this trend 
wholly accounted for considerations security, but deems reasonable 
assume that the ever-increasing proportion total production costs represented 
freight charges also becoming compelling force toward dispersal plant 
sites. With the gradual establishment logical system freight rates, the 
writer believes that progressive migration not only maunfacturers but 
consumers the areas nearer the sources supply might well set motion 
the obvious net benefit the nation large. Assuredly, any workable 
procedure gives reasonable promise bringing about simplification the 
rate system together with reduction the net transportation bill the nation 
the practical minimum deserves serious consideration. 
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ASCE.—Colonel Hall defines the illogical features 
the present system freight rates and makes convincing plea for new 
system. one were accept what appears the author’s fundamental 
assumption—that freight rates shall based wholly cost carriers 
rendering the service—his formula might well regarded logical approach 
determination rates that basis. 

the writer’s opinion, however, the problem not that simple. Actually 
the rates for transportation persons and commodities are based part 
factors other than the cost rendering service. There are 
such factors competition with other forms transportation, the 
(in the interest national welfare defense) subsidies for some all 
means transportation, the effects changing freight rates established 
industries—especially cases where such changes might drive heavily 
capitalized business out existence—and possibly other complicating factors. 

One the most important factors determining the price for rendering any 
kind service “what the traffic will bear.” Practically all competitive 
business the United States—as well any other country which 
the guiding principle—bases prices some extent what the 
public willing pay. Otherwise the law supply and demand would have 
place the economy. the transportation business, however, the deter- 
mination rates wholly competitive basis thought impracticable. 
Freight rate stabilization required law even though uniformity prices 
crime other industries when accomplished agreement between com- 
petitors. Rate stabilization government regulation, however, should take 
some account competitive situations. might even far allow 
transportation company carry some its cargo loss when other- 
wise would force the company abandon service that might vitally im- 
portant established communities public welfare. 

The author’s desire establish factual basis for determining transporta- 
tion costs commendable. large extent these costs should have in- 
fluence the establishment rates. Nevertheless, would appear that 
these costs—by whatever formulas they are developed into rates for various 
classification commodities—cannot adopted the sole factor deter- 
mining freight rates. 

Granting that more logical system utilizing costs determining rates 
desirable, one may question whether the preparation the corresponding 
rate book would not attended many more complications than are foreseen 
the paper. What would become the rates whereby 
wheat, for example, shipped milling city,-processed there into flour, and 
then shipped out final destination under one bill-of-lading whereby the 
proportionate rate the milling city lower than the rate for the same haul 
for local consumption? Under the author’s system basing rates wholly 
costs, the rate from point origin the milling city would the same 
whether the wheat were intended for local consumption for processing 
transit. not the writer’s intention discuss here whether such change 
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would desirable, but would certainly cause some concern the milling 
industry. 

With rates based wholly cost intended require that all rates 
should remunerative? such criterion might wipe some 
communities ‘‘off the map.” 

These difficulties and others like character would have given very 
careful consideration revamping the rate structure along the lines suggested 
the author. course, there should objection realistic approach 
the subject, suggested this paper; and, even found that costs 
cannot the sole basis for fixing rates, such approach should show what 
adjustments and subsidies are involved financing and operating transpor- 
tation system. 


ASCE.—That some transportation agencies have 
been set up, and are maintained, for noncommercial reasons (as suggested 
Mr. Courland) has undoubtedly been true many agencies the past, and 
may still true air lines. should not true now any other carrier 
within the continental limits the United States. The problem rate 
making only slightly affected the existence navigable rivers equipped 
with multiple purpose dams. The amount commerce carried the Ten- 
nessee, Muskingum, and Savannah rivers not likely cause any serious 
fear the minds competing carriers. 

his brief discussion, Mr. Meyer course action which 
the object the writer prevent all costs. commodity not 
produced shipped some given area without freight rate concession, 
can produced elsewhere. pure myth (as Mr. Faison points out) 
that freight rate concession can given any item, without throwing 
burden some other item, (as the case upper Mississippi barge traffic) 
the general taxpayer. Let the regional development little slow. The 
United States has plenty time. 

The writer particularly Mr. Markowitz’s criticisms. They pre- 
sent direct attack which reasoned reply can made. The value the 
commodity, which states that insufficient attention given, allowed 
for the time classification freight, which the first step the writer’s 
suggested process. His expression, “service which the ability pay 
freight rate making presumably refers the type carrier used 
the shipper. Differences between types transportation are certainly very 
allowed for the plan presented. 

The basic paper strongly criticized for presenting scheme that would 
prevent competition. not clear whether the competition prevented 
between carriers the same type, between carriers different types, 
between communities. Carriers the same type not compete now, price. 
They all quote identical rates for the same cargo between the same cities and 
all them try offer better service. Under the new plan, they can continue 
todoso. Carriers different types—notably the railroad and the river boat— 
have competed for many years; but this competition has almost invariably 
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resulted increasing freight rates from destinations having access 
only one type carrier. this arbitrary shifting the burden which the 
writer’s plan attempts prohibit. Competition between communities 
created one more carriers granting favored position some city, in- 
creasing their rates other cities compensation. student economic 
history truly believes that equalization rates competing seaports has 
been the nation’s advantage. For example, the gift, Baltimore, Md., 
its natural freight rate advantage from the Ohio River valley, instead 
insistence the present so-called equalized rates New York, Y., would 
have caused advantageous decentralization the United States. port 
with freight rates against would have develop some advantage service 
keep its commerce, would have specialize supplying its natural 
market. admittedly intended destroy competition based penalizing 
communities provided with only one carrier, type carrier, well 
injure the ports that have insufficient avoid the same kind in- 
voluntary servitude places more influence. 

The last paragraph Mr. Markowitz’s discussion certainly vigorous 
summing up. The writer has spent years arguing about rates with all the 
traffic men whom has ever met. thoroughly accustomed being 
disagreed with; but traffic man has ever before painted the dark picture 
coming evil portrayed this discussion. Much can said for free competition 
between all carriers, but, unfortunately, that method was found not work. 
When competition does not work, some kind public control inevitable. 

The writer desires thank Mr. Faison, whose discussion greatly increases 
the value the paper. particular, his discussion the fallacy the so- 
called “added traffic formula” welcome supplement the arguments 
presented the writer. During the discussion this paper the writer has 
thought great deal about the advisability increasing ton-mileage charges 
routes small traffic density. believed that rough rule thumb 
would increase the actual mileage, for computing purposes, counties 
having population density more than 10% below the national average. 
Population and traffic quite well together. Under the logical system 
rates, the only effect the milling-in-transit privilege would eliminate 
one loading and one unloading charge. Except the case export wheat, 
would seem unimportant the nation whether the privilege granted not. 
would probably the national advantage avoid concentration 
mills seaports. 

The writer agrees with Mr. Faison that there fair method applying 
transportation tax any carrier unless rates all carriers are based costs 
service. Certainly the immediate effect tonnage tax either motor 
trucks river boats, right now, would merely increase competing 
rail rates. Needless say, Congress would adopt such novel form 
taxation for the exclusive benefit rail carriers. The tonnage tax might 
arrive after the logical system under way, but the immediate step 
prevent any such economic absurdities the extension government-owned 
inland water lines operating loss, the payment marine subsidy 
coastwise ocean traffic. 
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Mr. Faison’s warning about the dangers too precipitate adoption 
this proposed system, may stated that undue haste seems the least 
probable all contingencies. much more likely that the plan will 
dismissed innocent theoretical exercise. Its only hope adoption 
consequence regional revolt like the flare-up southern freight rates 
1947. 

reply Colonel Elliott, the writer admits that the logical system 
based the theory that all freight rates should remunerative, and that the 
disappearance some carriers and some communities probable consequence 
the plan’s adoption. Any reform rate making certain 
somebody’s toes.” California oranges tend cost too much for New 
Englanders eat, they will have learn satisfied with Florida fruit. 
There particular reason why people Utah should pay more for their 
lemons order extend artificial market into the northeast noncom- 
pensatory rates. 

The writer thankful his critics and sorry that there were not more 
them. particularly sorry that there was discussion his plan 
break all freight rates into separate terminal and actual transportation charges. 
This seems him the most important single feature the proposed 
system rates. 
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INTRODUCTION 


accordance with Reorganization Plan No. President Harry 
Truman, 1946, the Bureau Land Management (hereinafter called 
Bureau’’) was established the United States Department the Interior 
July 16, 1946, through consolidation the General Land Office and the 
Grazing Service. The General Land Office was established 1812 and the 
Grazing Service 1934. the consolidation, the administration approxi- 
mately 400,000,000 acres public land the west was brought into one unit 
provide for more effective administration less cost and insure maximum 
service the public interest the decentralization activities. 

addition administering the Taylor Grazing Act 1934, the Bureau 
exercises large measure primary responsibility the administration 
the public land laws. Its duties range from the identification and description 
the public lands cadastral surveys and resurveys providing for their 
acquisition use the development mineral resources—in addition the 
disposal lands under the homestead, townsite, and other laws; the leasing 
land; the granting rights way; the classification lands; the adjudication 
applications from the standpoint law and conservation policy; and the 
many other duties placed upon public land statutes. 

reference here the origin certain duties the Bureau should reveal 
more clearly the true significance cadastral surveys, records, and legal de- 
scriptions and the part they have played and will play the development 
the United States. 

1784 the Continental Congress appointed committee headed 
Thomas Jefferson draft ordinance for ascertaining the mode locating 
and disposing lands the western The rectangular system 
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surveying public lands was inaugurated under the ordinance passed the 
Continental Congress May 20, 1785. brief, the ordinance provided for 
townships miles square, each containing thirty-six sections mile square, 
“as near may With the location base lines, standard parallels, and 
principal and guide meridians (for offsetting the effects convergency) and 
the designation townships, ranges, and sections, became possible 
identify conveniently and with certainty any tract land anywhere, and 
give place map. The public land area—including, its maximum 
extent, the Territory Alaska, the states Florida, Alabama, and Mississippi 
and all states except Texas lying north and west the Ohio and Mississippi 
rivers—was subject survey under this rectangular plan, admittedly the most 
convenient and simple scheme ever devised any nation. 

Numerous refinements practice and improvements methods far- 
reaching importance have been made part the rectangular system since its 
beginning. has been shaped meet newer aspects the older problems 
and has been developed take care the intricate practice resurveying 
which time and the elements and the frailty human nature have made 
necessary; but principle and purpose the same now was then, and 
simply the rectangular system coordinates applied practical manner. 
Rectangular coordinates recognize north its true position and verify rather 
than refute Galileo the age-old theory that the world round. 

Since 1785 the extension the rectangular system surveys over more 
than 2,000,000 miles public land area has created vast monumented 
net. Each square mile monumented its four corners, with 
monument halfway down each its four sides order that crosslines may 
run establishing the boundaries quarter sections. The monuments are the 
corners for which they were established, even though not exactly where profes- 
sional care might have placed them the first instance. Missing corners must 
re-established the identical positions they originally occupied, and when 
the positions cannot determined existing monuments other verifying 
evidence, must had the field notes the original survey. Law 
provides that the lengths the lines returned the field notes shall 
held the true lengths, and the distances between identified corner positions 
given the field notes constitute proper data from which determine the 
position lost corner. Hence, the logical and equitable rule that lost 
corners are restored distances proportionate the original measurements 
between identified positions. 

Since 1910 when the contract system for executing surveys was abolished, 
the corners public land surveys have been monumented with standard 
metal corner post manufactured from wrought iron copper bearing steel 
pipe, filled with core concrete. brass cap riveted one end the post 
appropriately marked with steel dies. The planted end the pipe split 
and the two halves are spread form flange. 


The rectangular system surveys has been extended over approximately 
92% the total area the public lands the continental United States; but 
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has covered less than the area the Terriorty Alaska. The area 
remaining unsurveyed the continental United States—comprising approxi- 
mately 117,150,000 acres—is equal about the combined area the states 
Arizona and Washington. However, the virgin cadastral survey field large 
extent, amounting about 567,350 miles under the jurisdiction the 
Bureau, Alaska. The resulting vast and comprehensive rectangular 
survey net provides simple and certain form land identification, and an- 
chors place the land the public domain. 

The rectangular cadastral survey prerequisite the administration 
and conveyance the public lands. Under it, area identified fixed 
position the ground and descriptive data the records. Cadastral 
surveys, unlike scientific surveys information character which may 
amended with changing conditions because error, mark for all time the 
boundaries lands the earth’s surface. Early public land surveys may 


physically lost, error, fraudulent whole part, but they 


define boundaries and area for all time with descriptive fixity place. 
the execution cadastral resurveys the cadastral engineer’s problem 
times restore, legally, something that never existed the ground and 
preserve and protect all valid existing rights the process. 

All land titles, land transactions, and considerations geographical posi- 
tion the area the public domain rest upon and are terms the Bureau’s 
cadastral public land survey, and its basic, legal descriptions should not 
duplicated, confused, and obscured unnecessarily supplemental records 
survey systems alien character. Cadastral surveys are fundamental factors 
the formulation and operation laws and policies relating the public 
lands and, therefore, very definite sense, the orderly administration 
the natural resources. 

The Bureau the only congressionally constituted agency charged with 
the execution cadastral surveys the public lands, but the fact not always 
appreciated that these surveys not ascertain boundaries—but instead create 
them. Cadastral surveys, contradistinction information and construction 
surveys, are made primarily for jurisdictional and proprietary purposes. 

Cadastral surveys the process execution are divided into two major 
procedures—namely, the creation and marking the survey lines upon the 
ground and the preparation the official record. The additional step 
approval and acceptance competent authority necessary under the law 
give such surveys their official and legal standing. 

The final survey record consists field notes describing detail the proc- 
esses the survey, the results the ground, and the plat which graphic 
representation the surveys made the field. The primary purpose the 
plat show the courses and lengths survey lines and, incidentally, relief, 
drainage, and culture. Its basic function designate and describe areas 
specific terms and serve the legal basis for all transactions involving the 
public lands within its borders. The legal significance the plat this 
respect important would incorporated into the patent itself and 
the same applies any subsequent deed transfer. 
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Although incidental the primary purpose and basic function the 
survey plat, adequate and accurate portrayal relief, drainage, 
and culture present and future plats essential the proper administration 
and management the public lands conserving natural resources. 
meet this demand, the cadastral engineering organization has adopted the 
use aerial photographs, resulting comprehensive and accurate depiction 
relief, drainage, and culture the cadastral plat. 

application the system radial plot, section corners that can 
identified the photographs are selected for ground control. Other corners 
are resected the photographs, thereby correlating the lines the ground 
survey with the aerial survey. sufficient number topography points are 
selected, and the planimetry then transferred from the photographs the plat. 

Relief determined through the measurement parallax. Vertical control 
obtained from clinometer readings taken the time survey and tied in, 
where available, official bench marks. measuring parallax, additional 
spot elevations are found the photographs and relief sketched and 
transferred the plat. Normally, the hachure used depict relief. 

Although the rectangular system remains the basic principle the modern 
cadastral survey, the regular extension townships and ranges longer 
the principal activity. Except restricted areas within the public land states 
and the Territory Alaska, cadastral engineers are longer concerned 
primarily with the mere determination the length and direction lines and 
with the establishment corner monuments specified intervals. Such 
determinations are made, true (as are those time, latitude, and azimuth), 
with modern instrumental equipment unknown the pioneer surveyor, and 
with degree precision and refinement method not approached early 
days. Today and the future, however, the real problems confronting cadas- 
tral engineers are those restoration and the preservation vested rights. 

Cadastral resurveys large areas the public domain are being conducted 
accordance with the best engineering practice, and with strict attention 
the legal and equitable considerations involved the proper protection 
vested rights. Grant and reservation boundaries, often practically obliterated, 
are being recovered, and their identity established beyond question. Im- 
portant riparian boundaries which often control rights great value, and 
which practically physical evidence remains, are being restored and ad- 
justed. Reconnaissance and restoration resurveys are undertaken where in- 
formation relative the position original boundaries required evidence 
issues pending before the courts. 

The cooperative program cadastral surveys and resurveys, requested 
the various federal bureaus and departments, aggregates 110,000,000 acres, 
and includes public lands under the jurisdiction administration the 
Bureau Indian Affairs (United States Department the Interior), the Forest 
Service (United States Department Agriculture), the Bureau Reclamation 
(United States Department the Interior), the Geological Survey (United 
States Department the Interior), the National Park Service (United States 
Department the Interior), the Federal Power Commission, and others. 
These bureaus require carefully executed and permanently monumented 
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cadastral surveys for the identification, classification, and administration the 
lands. The agencies engaged mapping these areas find that the cadastral 
surveys furnish excellent horizontal control for topographic mapping purposes 
where aerial photography being used. example co- 
operative resurvey follows. 

addition its regular operations throughout the continental United 
States and Alaska, the cadastral engineering organization the Bureau 
now (1948) engaged the identification more than 10,000 miles land 
areas for the Bureau Reclamation within the Missouri Basin Project. 
the project cadastral resurveys (with resulting plats) are prerequisite 
planning, land classification, and construction work; the leasing, disposal, 
purchase land; and the further subdivision areas when project units 
are opened for settlement. The original surveys the area were made 
early days when the prime importance permanent monumentation corner 
positions was not realized The ravages time and the elements, 
through the many years, have all but obliterated evidence the wooden 
stakes and pits that were originally established identify the corner positions. 
The practiced eye the cadastral engineer required identify the vague 
evidence remaining, and his intimate knowledge intricate resurvey procedure 
needed re-establish, with permanent iron posts, the network original 
surveys their original position, whereby boundary lines between and 
private ownership are readily identified. 


Fra. 1. 


The early surveys the Missouri River Basin were made without the 
scientific instruments and modern methods use today, and consequently 
the length and direction boundary lines determined cadastral engineers 
are found vary from that recorded originally. Precise length and direction 
section boundaries are required for horizontal control mapping. 

The basic need for land boundary identification and precise horizontal con- 
trol mapping operations the Missouri Basin Project illustrated the 
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inch, and mounted pressed wood, for use plane-table sheet. The 
photograph embraces Sections and 10, Black Hills Meridian, 
Dak., the Grand River Unit, Missouri Basin Project. The area and 
boundary lines the two sections have been identified precisely the aerial 
photograph cadastral engineers the Bureau. Topographic and soil 
classification plane-table parties the Bureau Reclamation use the aerial 
photographic sheet, covered with transparent vellum for the mapping re- 
quirements. composite made the three, resulting accurate, 
final map. More than 10,000 miles the Missouri Basin Project are 
relocated the manner indicated the exhibit. 

The Bureau issues number publications dealing with the public land 
surveys and resurveys—the most important and comprehensive which 
the Instructions for the Survey the Public Lands the United 
States.” The “Standard Field and annual publication the 
“Ephemeris the Sun, Polaris and other Selected are also available. 
pamphlet entitled, Lost Obliterated Corners and Sub- 
division has been issued for the guidance county and other 
local surveyors. 

Copies the plats and field notes representing all the public land surveys 
executed the United States and Alaska are file the Bureau office 
Washington, The branch offices the Bureau the western states, 
such the Public Survey Office Phoenix, Ariz., have the survey records 
pertaining the individual state which they are located. 
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DISCUSSION 


paper presents some the salient facts related both the history and the 
scope public land surveys the United States, which have proved 
adequate and satisfactory after test covering some 164 years national 
growth and development. practical application the coordinate system 
(which, recent years, has made notable headway among street layouts for 
metropolitan and other urban areas), the subdivision public lands into town- 
ships, sections, and quarter sections unquestionably facilitated the early settle- 
ment following these surveys. The system validated and protected the hold- 
ings those courageous frontiersmen who had established homes the 
wilderness prior such surveys. 

The types corners prescribed and authorized the “Manual In- 
structions for the Survey the Public Lands the United seemed 
cover every possible contingency—a charred stake quart charcoal under 
mound earth; durable stone about in. long, timber post long 
and in. square, buried two thirds the ground; suitable markings the 
exposed edges the faces marker indicate its relation the township 
boundaries the distances miles therefrom; and accessories such mounds 
stone, pits, inscriptions trees, placed according prescribed 
patterns. Further clues distances are afforded items noted the 
survey records, such crossing ledges, ridges, stream banks, and 
alinement, blazing removing the bark from restricted parts tree 
trunks near the survey lines. 

Basic Data Assembled During Survey and importance 
these cadastral surveys seemed escape well-merited recognition until 
recent years; and even this time, full appreciation has not been accorded 
some quarters, richly deserved. The typical United States deputy sur- 
veyor for the General Land Office used some elementary and technical as- 
tronomy daily order determine solar time, latitude, and true meridians. 
His field notes revealed some knowledge geology, botany, and hydrography; 
otherwise could not have made adequate detailed descriptions ledge 
outcrops, vegetation, woods through which the survey lines were run, and 
the springs, brooks, and rivers crossed located within convenient range 
the section boundaries. Even the crude estimates discharge recorded 
during these surveys, together with the dates such observations, certainly 
afforded some valuable data for prospective settlers investors such regions. 

The prevailing stands native grasses, undergrowth, shrubs mentioned 
the field notes afforded valuable clues the normal seasonal precipitation 
depths and distribution. The oft-repeated comment, ‘‘Good grass for grazing,” 
together with mention native wild life including game and also whatever 
range live stock were encountered observed, must have wielded potent 
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influence the development and utilization areas suitable for grazing. 
Likewise, notations giving the precise location outcroppings, either the 
survey lines adjacent thereto, probably provided the first authentic informa- 
tion concerning unusual mineralized formations, exposed coal strata, oil shales, 
fissures filled with hydrocarbons such asphalt and elaterite, and springs 
streams covered with iridescent oil slick. the estimated clinometer 
measured depths canyons and heights ridge crests beetling cliffs are 
practical value for those contemplating journeys homemaking ventures 
within the regions opened for homesteading, following such surveys. 

The Township writers have their possession print ‘“Town- 
ship No. South, Range No. East, the Salt Lake Meridian, issued 
public service the Bureau Land Management (under date June 
1947), which was selected almost random representative rugged, 
broken country, but also very recent date. The township located 
southeastern Utah, few miles west the Green River. According the 
plat, there are notable Indian paintings sections 17, 18, and 19. Isolated 
improvements such pumping plant and watering troughs evidently have 
with stock watering facilities; ranch houses and other improvements 
depicted the plat will insure the owner first consideration but files 
his claim within the prescribed preferential period. 

The various witness corners, designated the initials are placed 
firm footing witness the actual corner point whenever falls in- 
accessible ground, within river bed, the steep and insecure slope 
deep ravine. 

The system surveys devised for the public domain many years ago 
undertakes carve out the maximum number quarter sections that can 
defined within nearly rectangular tract. For example, township miles 
long from north south. they are based standard parallel latitude, 
the south boundaries each township have the same length, this dimension 
decreasing progressively for each township toward the north (but with all the 
accumulated shortage thrown into the west tier quarter sections); and the 
nothernmost boundary further decreased length adjustment allow 
for the convergence meridians. The ridge crests and drainage channels are 
connected across the sections for the township plat, thus testing the skill and 
observation the United States surveyor. 

costs ranging from about per acre 10¢ per acre, or, say, per lin 
mile $27 per lin mile, the public land surveys have assembled and depicted 
salient basic data incalculable value both settlers and government. 

Inherent survey projects were fraught with the dangers 
lurking hostile frontiers and adjacent country. Although these had largely 
disappeared the beginning the twentieth century, indisputable that 
some the more difficult and rugged terrain still awaited the original surveys. 

The writers were associated the General Land Office surveys 
both the Uncompahgre and the Uinta Indian reservations eastern Utah, 
from 1901 1904. The first named assignment covered the lofty Book Cliff 
range with its mammoth outcrops bituminous coal near Thompsons, and 
extended northward along Willow and Hill creeks for miles toward Ouray, 
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the western boundary skirting the notorious Roost.” The “wanted 
men” that hideout preferred pass unnoticed, avoid conversation, 
and accelerate the forward march survey parties. 

While retracing early survey lines miles westward from the Duchesne 
Bridge, June, 1903, for the purpose locating the initial point for that 
season’s contract surveys, the writers had occasion question the wisdom 
declining the military escort proffered Captain Mercer, United States 
Army commandant the Whiterocks headquarters, some days earlier. 
platoon Indians clothed gay colors and mounted their best ponies 
came charging the slope and then rode circle about the transitman and 
recorder with threatening gestures and angry shouting. The senior deputy 
surveyor, keeping his eye the transit telescope, and apparently oblivious 
the imminent danger, merely called, off the line; can’t see through you.” 
The Indians held powwow, then gradually withdrew toward their camps. 
Thereafter, the surveyors were under continuous surveillance throughout each 
day for some weeks. The Indians would lurk hiding the vicinity 
activities, but occasionally they would peer over ledge ridge from 
behind tree. They demolished the witness mounds stone, scattering them 
for some rods from the corner point, but apparently did not recognize the actual 
corner monuments, mostly buried securely the ground with notched edges 
showing above the surface. 

Extensive surveys nearer the two-state corner northeastern Utah, 
which the writers were similarly associated, involved the usual meanders for 
navigable waters along the banks the Green River 1906 and included 
some the gorges and dam sites now under study for flood control, water con- 
servation, irrigation, and hydroelectric projects. Requisitioned boats and 
rope ladders facilitated access some critical points; but the transfer pack 
train livestock swimming from the right bank the left bank, and 
personnel and camp equipment raft during high water season involved the 
more colorful adventure. The final loading proved overload; the raft 
began submerge midstream, and thus the saturated equipment added 
the overload. With navigation thus made more difficult, the raft was drawn 
into the rapids instead landing upstream; the anchor ropes cast shore and 
quickly passed about tree trunks, snapped like threads, and tragedy loomed 
until the raft struck submerged boulder squarely, and balanced precariously 
until all the personnel and equipment had been rescued. 

Errors surveying equipment such long steel tapes 
instead the four-rod surveyor’s chain with its hundreds wearing surfaces, 
also the use clinometers for measurements slopes, instead 
leveling the chain segments, and employment engineering students 
chainmen helped reduce the errors closure about the circuit. Finally, 
the daily observations Polaris the hour-angle method the gathering 
twilight out the survey line (rather than waiting for lantern lighted opera- 
tions either culmination elongation during night hours the camp site) 
seemed make the usual closing limits even mountainous country more 
nearly less per section instead the maximum allowable limit 2.8 rods 
per section (46.2 per section), and proved morale builder well. 
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Roger Assoc. ASCE.—The interesting and educational 
paper Mr. Horton modest its presentation the enormous job per- 
formed public land surveys since 1785. The comparative ease locating, 
identifying, and establishing land lines wild areas the west immediately 
apparent anyone who has encountered similar problems the undeveloped 
sections the eastern United States. 

The accurate identification corners and lines good aerial photographs 
permanently records the correct location with respect land and topographic 
features. The adaptation this procedure certainly great step forward. 
The hachured General Land Office plats have been material aid assisting 
field identification. However, the use contours form lines instead 
hachures, presenting relief, would facilitate identification many instances. 

the process preparing the standard United States quadrangle maps 
considerable effort expended locating and identifying land net corners. 
Usually only relatively few the corners are actually identified and located 
the field. The remainder are established from General Land Office plats, 
cultural features such old fence lines, and information secured from local 
residents. The inevitable result that errors occur and lines appear the 
final map which are incorrect with respect topographic and cultural features. 
The only absolutely dependable corners appearing the sheets are those 
shown cooperative arrangement between the 
Bureau Land Management and federal mapping agencies whereby land net 
corners would recovered established prior to, the same time as, the 
mapping would result precise presentation land lines. 

Incorporation the land net into the geodetic control system throughout 
the United States would ultimately result significant economy. Areas will 
remapped and surveyed for long development takes place and, con- 
sequently, need will always exist for correct geodetic control. The tendency 
remapping toward the adoption larger scales, with increased detail and 
precision. This turn demands greater intensity control positions. Town- 
ship corners tied into the geodetic system with third-order accuracy would 
provide control for small-scale mapping. Section corners established with this 
precision would furnish adequate control for all but the most precise surveys. 
Bulletins showing the coordinate position township and section corners 
with specified order accuracy would furnish private and public agencies 
base from which extend surveys for practically every purpose. 

The accomplishment the ideals suggested herein would require changes 
administration public land surveys; but the need exists and over-all 
economy would ultimately result. Possibly some thought and study has been 
given this problem officials the Bureau Land Management, others. 
so, the results recommendations would interest the engineering 
profession. 


manner which the rectangular system for surveying the public lands was 
devised and inaugurated, this paper describes the magnitude the job that has 
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been accomplished since its inception and then goes show that the job 
far from complete. There still remain approximately 116,060,842 acres 
unsurveyed land the United States, and the demand for resurveys in- 
creasing, result, large extent, the need for the resurveying the vast 
areas scheduled for intensive development the various river basins through- 
out the west. The Forest Service the United States Department Agricul- 
ture has extensive areas resurveyed because forest fires have destroyed the 
wooden corners and bearing trees certain parts the forest reserves. 

Mr. Horton very properly states: 


land titles, land transactions, and considerations geographical 
the area the public domain rest upon and are terms the 
ureau’s cadastral public land survey *.” 


fact that not generally known, except abstractors and realtors, that 
the title every city lot, and parcel land the area the public domain, 
based upon the cadastral survey made the Bureau Land Management, 
its predecessor, the United States General Land Office. 

The demand for the remonumentation the cadastral survey corners the 
various irrigation projects that are being developed the Bureau Reclama- 
tion explained the fact that the original surveys those areas, for the 
most part, were made early days when the prime importance permanent 
monumentation corner positions was not realized today, and also be- 
cause the settlers and subsequent owners the land failed appreciate the 
importance protecting and preserving the corner monuments. Even today, 
advisable conduct educational program impress upon property 
owners and road builders the many advantages protecting the re-established 
public survey corners. 

Mr. Horton gives clear description the cooperative cadastral resurveys 
now being executed for the Bureau Reclamation. mentions the fact that 
many instances these cadastral surveys serve the Bureau Reclamation 
horizontal control for its mapping activities. This use the cadastral sur- 
veys the Bureau Reclamation illustrates the great saving being effected 
the cooperation the various governmental agencies participating the de- 
velopment the Missouri River Basin. This dual use the cadastral survey 
rectangular net not only supplies the Bureau Reclamation with official 
property boundary survey its projects, monumented with iron corner posts, 
but also furnishes system horizontal control for its topographic and planning 
maps, both for the price one. Formerly cost much establish 
triangulation control system costs cover the area with cadastral survey. 

insure proper coordination the work being performed the govern- 
mental agencies the Missouri River Basin the principal function the 
Interior Missouri Basin Field Committee and the Missouri Basin Inter-Agency 
Committee, both which are headed Sloan, Assoc. ASCE, co- 
author the Pick-Sloan Plan. These committees are doing very worthwhile 


Mr. Horton calls attention the improvements instrumental equipment 
and methods for making cadastral surveys over those use the early days. 
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1948 test was completed this region, comparing the lines run the 
cadastral engineers with those established the United States Coast and 
Geodetic Survey the Missouri-Souris Unit North Dakota 
the Bureau resurveyed 3,262 miles, re-established all the section and quarter 
section corners, and determined the true bearings and distances between the 
corners. The same area was likewise covered control system established 
the U.S.C.G.S., its stations tied the public survey the cadastral engi- 
neers the work progressed. The cadastral resurvey this area was executed 
field parties headed eleven cadastral engineers over period three 
seasons—1946, 1947, and 1948. 

The tests recorded were taken random over large area include some 
work each the engineers. These tests are made comparing the measure- 
ments the cadastral survey lines with those made the which are 
considered the ultimate measurement. The cadastral survey traverses be- 
tween the triangulation stations were taken from the township plats, using the 
bearings and distances along the section lines reported the cadastral 
engineers, with ties made the triangulation stations from the public survey 
corners. The errors closure against the work varied from 1:3,996 
1:35,000. The best closure was made against the International Boundary, 
but this may partly accounted for because the largest area closed. How- 
ever, the average closure for the seventeen separate tests made found 
1:10,624. 

One interesting feature discovered computing these closures that the 
distances measured the cadastral engineers are usually shorter than those 
measured the This may have occurred because the chainmen 
for the cadastral engineers used too much tension the tape since spring 
balances were not used gage the tension. the other hand, may due 
failure the cadastral engineers take into account corrections for tempera- 
ture. allowance for differences temperature were made the cadastral 
engineers, and large part the lines was run during the hot summer months. 


public lands was one the most extensive surveying and mapping projects 
the history the world. wasa major undertaking the nineteenth century. 
The work had done advance settlement undeveloped wilderness 
with few inhabitants except wild animals and Indians, sometimes hostile. 

Land values the time the survey did not encourage the use high 
degree accuracy. The magnetic needle for direction and the link chain for 
distance were considered satisfactory. Prior 1910 the contract method was 
employed and this called for speed the sacrifice quality. 

spite these conditions, which adversely influenced the character the 
surveys, remarkably satisfactory final result was attained. were 
laid off with accuracy keeping with the raw nature the land; section and 
exterior quarter corners were marked with temporary monuments—usually 
charred stake, quart charcoal, marked stone, around which was heaped 
mound sod from two four standard pits. Settlers followed the tracks 
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the surveyors across the prairies past blazed trees the forests. The maps 
were indispensable guiding the settlement, and the orderly arrangement 
sections and townships has provided simple self-indexing permanent record 
and location guide every tract this vast domain. 

Mr. Horton points out, the ravages time and the elements have all but 
obliterated the evidence the primitive monuments. The concrete filled 
metal pipe markers now being used the Bureau Land Management will 
provide practically permanent monuments for the boundary corners. Local 
surveyors have perpetuated many the original corners with stone concrete 
monuments and have re-established lost corners the manner prescribed the 
government regulation. eastern South Dakota 3,000 miles were resur- 
veyed from 1900 1910 and all exterior section corners were marked with 
granite monuments in. square and long. 

The local surveyor searching for lost corner (or re-establishing it, has 
been obliterated) must follow the footsteps the original surveyor until has 
determined the exact point where the original marker was set. Having accom- 
plished this objective perpetuates the location setting durable monu- 
ment and establishing adequate references. 

method reference has been developed which will provide much more 
secure and trustworthy identification than has ever been available. This refer- 
ence medium the system standard plane coordinates now established for 
each state. The United States Coast Survey, early the nineteenth century, 
found necessary connect the east and west coast surveys and projected 
arc triangulation across the continent. Other arcs were extended east 
and west and north and south and these surveys were all adjusted the 
United States Coast and Geodetic Survey 1927 that rigid 
control network geodetic arcs has been established. 1933 the 
laid out the first system state plane coordinates, the State North Caro- 
lina. This provided method converting spherical coordinates latitude and 
longitude plane rectangular and coordinates single grid, expressed 
feet. Any surveyor can use these coordinates does latitudes and de- 
partures Every state the Union now has its own standard 
system plane coordinates. twenty-four states the legislatures have 
officially adopted the standard plane coordinate system for defining and stating 
the position location points the surface the earth. Nine these 
states (California, Louisiana, Minnesota, Ohio, Oregon, South Dakota, Wash- 
ington, Alabama, and Nevada) are among the twenty nine the public lands 
area. 

The use plane coordinates the Bureau Land Management define 
the exact location land boundary corners will have far-reaching and very 
valuable result. 

the plane coordinate system the numerical coordinates represent one 
location only and when accurately determined they are applicable that partic- 
ular spot and other. Until the network triangulation and the determina- 
tion accurate geodetic positions has been extended that land boundary 
corners may tied with the assurance that they will meet the necessary 
standards accuracy, this method must used with extreme caution. How- 
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ever, the Bureau Land Management, cooperation with the 
can select the areas where the system may applied with confidence its 
successful use, and these areas can gradually widened the system demon- 
strates its value. Adoption plane coordinate control for land boundaries will 
justify extension the geodetic network and will result closer spacing 
monuments, which will more control for important surveys. This 
control will invaluable all future mapping. the recent remapping the 
State Massachusetts the Geological Survey found that the cost the 
topographic work was reduced using the control placed the Massachu- 
setts Geodetic Survey amount greater than the entire cost the geodetic 
work performed the state, and the topographic maps were completed and 
ready for use considerably earlier than the geodetic survey had not been 
place. 

geodetic monuments were available for ties when the public land surveys 
were made. first the magnetic needle was used determine direction and 
more recently the solar transit has become standard equipment. Now that the 
geodetic network has been extended throughout the entire United States 
newer surveys and resurveys should certainly tied and the plane coordi- 
nates accurately established. this method the accuracy the surveys can 
measured and errors that may important can located and corrected. 

The endorsement plane coordinate control the Bureau Land Man- 
agement will stimulate its use local land surveyors and engineers public 
and private projects. will convince many Thomases” who have 
been reluctant about using the control, possibly because has not been univer- 
sally adapted the Bureau Land Management. 

Use plane coordinate control the Bureau Land Management will 
extend the system into virgin areas ahead development. will provide 
accurate control system for all kinds surveys—highway, irrigation, power, 
municipal, aviation, particularly for topographic mapping. The co- 
ordinate system will then recognized truly standard state system. 

The location section corners plane coordinates will allow accurate 
determination their geographic coordinates and will provide for conversion 
the military grid and for other uses accurate military operations. 

Some the original land survey corners were tied the geodetic network 
when the triangulation arcs were projected across the United States. 
illustrate the theme this discussion, example was chosen Polk County, 
Minnesota, where two section corners were used reference marks for 
principal points the 98th meridian (see Fig. 2). 

The public lands survey this area was made 1872 and section corners 
marked with charred stakes, mounds, and pits. 1906 the 
executed its triangulation and established two principal points, and 
“Sherack.” Warren was close the southeast corner Section 19, 155 
(Fig. 3), and Sherack, near the southeast corner Section 31, 153 
(Fig. azimuth and distance these corners were measured. 
The locations these two section corners and numerous other supplementary 
references, such church spires and elevators, were included the general 
readjustment the first order triangulation the western part the United 
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States and these stations are now the North American datum 1927. The 
plane coordinates have been computed for all the points and these coordinates, 
with wealth supplemental data, are readily available.’ 

The markers for the principal points Warren and Sherack were surface and 
underground monuments and they can For the section corner the 
southeast corner Section 19, 155 the description shows that 
1935 reported have been destroyed road construction. The published 
description’ the section corner the southeast corner Section 31, 153 
states that roads have been graded. Both these corners may 
relocated accurately using the information the special publication. 
this arc the record shows seventeen section corners have been tied in, and the 
descriptions indicate that practically all have been covered destroyed road 
construction. The measurements from points the 98th meridian arc tri- 
angulation these corners will allow their locations re-established, and 
where the roadway embankment the original stake may sometimes 
discovered excavating the level the prairie sod. 

this were resurvey, new survey areas not previously subdivided, 
numerous other corners the 14-mile length should tied the network. 
Plane coordinates for these additional corners would then bring the system 
into active use for local surveys. the U.S.C.G.S. description’ the plane 
coordinates for the southeast corner Section 19, 155 R47 (station 
34), areshown 1,113,173.32 and 649,795.26 ft. For the south- 
east corner Section 31, 153 (station 43), the plane coordinates 
are 1,110,051.58 and 575,784.83 ft. This develops right triangle 
with the leg 3,121.74 and the leg 74,010.43 ft. The geodetic distance 
the hypotenuse 74,076.24 ft. The field notes the 1872 survey the 
Washington (D.C.) office the Bureau Land Management show compass 
courses with needle variation from 13°00’ 13°30’ the miles line 
between these two corners. Each the sections mile long except the north 
section Township 153 which shows length 80.22 chains 5,294.52 ft. 
The chained length the 1872 survey between these two section corners was 
73,934.52 ft. The difference 141.72 gives average error 10.12 per 
mile which accuracy 1:522. Considering the circumstances existing 
the time the original survey, this accuracy reasonable. the link chain 
used for linear measurement there loop each end each link and there 
are two rings between the links that there are 588 bearing surfaces wear 
and 396 loops and rings that may elongate the chain dragged over the 
ground. The excess length 10.12 per mile means 1.52 in. per chain 
0.0015-in. average wear stretch for each bearing surface loop ring. The 
chains used were tested often was considered necessary, but this element 
wear and stretch undoubtedly accounts for part the almost universal over- 
run length these original measurements. 

With the data available possible compute the variation from true 
north line between these two corners. Other valuable checks linear and 
angular measurement can made using the plane coordinates method 
simplification the computations. the surveys now being executed the 
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Bureau Land Management the use plane coordinate control for position 
determination will provide very valuable basic system, which can used for 
all other subsequent surveys. The coordinates will not supplant the section 
and quarter corners description the tract, but will supplement this de- 
scription and serve accurate engineering location the position the 
corner. For subdivision inside the section the plane coordinates will provide 
positive, accurate description every point. For any such interior point the 
distance and azimuth from the section and quarter corners can computed 
precisely using plane trigonometry. 

The methods now specified the Bureau Land Management for its 
surveys may result better than third order accuracy. The ties the geo- 
detic network (wherever economically feasible) and the use plane coordinates 
position computation will provide accurate, simple ground control for all 
kinds adjacent surveys and particularly for mapping modern methods. 
The marker originally used for the section and quarter corners was intended 
temporary but this marker has been established the true legal boundary 
position even though the measurements not agree with the original field notes. 
The charred stake, quart charcoal, and durable stone about in. long, are 
definite and positive identifications this original position, provided they can 
found and legally recognized. Once found, the position must perpetuated 
granite markers noncorrodible metal pipes filled with concrete and with 
reference points accurately measured, other reliable procedures, all legally 
recorded. addition, the corners are tied the geodetic network, and 


plane coordinates are used reference the location the equator and the 
North Pole, the best present available method identification will utilized. 

The value universal adoption plane coordinate control for positive 
identification large that cannot estimated. certain that this 
value method standard control for land boundaries, for engineering proj- 
ects all kinds, and particularly for mapping, many times the actual 
monetary cost developing this control. 


ASCE.—In the years following the close the 
Revolutionary War the Continental Congress was confronted with the problems 
involved the administration and disposal the lands recently ceded the 
federal government the several states. The ordinance May 20, 1785, pro- 
vided principle for the rectangular system survey these public lands. 
inaugurated program land identification and description that continues 
the present time. For magnitude and continuity execution without 
parallel anywhere the world. 

the public land states were admitted into the Union, the United States 
continued hold title the unappropriated lands. Under the public land 
laws the Secretary the Interior was vested with the jurisdiction over the 
administration, survey, and disposal these lands. These activities are now 
the immediate responsibility the Bureau Land Management. 

The Department the Interior and the Bureau must consider and deter- 
mine what are public lands, what lands have been, should be, surveyed, and 
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what lands have been, remain be, disposed of. has the authority ex- 
tend the surveys the public lands may necessary, including the lands 
that were omitted from earlier surveys. 

These administrative functions, well those having with resur- 
veys, involve legal well technical questions. The Bureau must establish 
the fact that the lands question are within its jurisdiction and must plan the 
survey procedure such manner protect, adequately, the rights 
adjoining privately owned lands. The cadastral engineer who undertakes the 
field work must familiar with the fundamental principles federal and local 
law. Finally, the record the survey must reviewed and accepted the 
Bureau. 

stated Mr. Horton, original survey public lands does not ascer- 
tain boundaries; creates identifies such lines for the first time. field 
execution the survey and the preparation the plat and field notes are not 
sufficient themselves constitute official survey. The public lands are 
not regarded surveyed until the surveys are accepted the duly authorized 
administrative officer the Bureau. 

Resurveys large areas the public lands the western public land states 
have constituted important part the survey program the Bureau for 
many years. However, general recognition federal mapping agencies 
the importance complete identification and accurate location the public 
land survey network basis for precise horizontal control for mapping pur- 
poses relatively recent development. 

the past, engineers engaged topographic mapping have endeavored 
locate all possible section corners. Frequently, only limited number are 
definitely identified with consequent uncertainty the correct position the 
remaining section lines. Although the results have been fairly satisfactory for 
general purpose, small-scale topographic maps, considerably more precise re- 
sults are required for the larger scale maps now demand. These results can 
best obtained complete official resurvey involving recovery all evidence 
the original survey combined with proper restorative procedure for missing 
corners. 

The paper makes reference the fact that the plats and fields notes all 
public land surveys are file the Interior Department Building Washing- 
ton, interesting use these records has developed since 1947. 
Active exploration for oil and gas many the western states has developed 
demand for small-scale planimetric maps showing the land net. number 
private mapping organizations engaged the preparation such maps have 
found that rapid, convenient and space-saving method securing copies 
the official plats photograph them microfilm. this way 
copies the plats covering entire state can put eight ten rolls 
film occupying only few cubic inches space. 

The paper Mr. Horton fills definite need presenting brief authori- 
tative statement the activities the Bureau Land Management, the 
field cadastral surveys and resurveys. The author has prepared compre- 
hensive outline the origin, purpose, scope, and character the public land 
rectangular system surveys the United States and Alaska. 
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INTEGRATING THE EQUATION 
NONUNIFORM FLOW 


Francis Guy THATCHER, CHESLEY 


complete integration the equation nonuniform flow would appear 
highly desirable, integration method makes possible analyze 
quickly problems that the average engineer avoids because the mass 
tedious computations that would required other methods. This paper 
presents complete and simple integration method adapted all types 
cross sections ordinarily encountered practice. The hydraulic exponent, 
which was introduced Boris Hon. ASCE, used this 
presentation exactly used him. addition, however, secondary 
exponent, employed set the equation nonuniform flow such form 
that can completely evaluated integration. Also presented novel 
and time saving method computing the exponents, and 


INTRODUCTION 
Although various attempts have been made solve, integration, hy- 
draulic problems involving nonuniform flow, most the early efforts have only 
historical interest and will not mentioned. Perhaps the best known 
these was that which the Chézy friction formula used 


the channel idealized into rectangular channel infinite width. More 


recently, Mr. Bakhmeteff? devised integration method that accommodates 
all shapes channels and allows the user select his own flow formula. 
The Bakhmeteff method, however, evaluates only part the integral, thus 
making necessary apply factor series factors account for the 


Nore.—Published 1949, Proceedings. Positions and titles given are those effect when 
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remainder. Nagaho presented integration method that com- 
pletely evaluates the integral and includes all channel shapes, but this method 
contains approximations which are deemed inadmissible. complete integra- 
tion the differential equation nonuniform flow has been developed 
Woodward, Hon. ASCE, and ASCE, for channels with 
horizontal bottom grade, but this integration not applied channels with 
sustaining slopes. 

The method presented herein is, however, capable such extensions through 
use the Bakhmeteff exponent and secondary exponent set the 
equation nonuniform flow such form that can completely evaluated 
integration. Inasmuch presumed that the reader familiar with 
the general features open channel flow, neither the types surface curves 
nor the conditions under which they are formed are discussed. 

letter symbols used this paper are defined where they 
first appear, the text illustrations, and are assembled for convenience 
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“Nonuniform” flow, sometimes referred flow, defined 
briefly steady flow channel where the water surface and the energy 
gradient are not parallel the bottom the channel. All types backwater 
curves come under this heading, which distinguished from flow, 
where the water surface and the energy gradient are parallel the bottom. 
Inasmuch every standard textbook dealing with open channels develops the 
equation nonuniform flow, that derivation will not repeated here. 

The equation nonuniform flow can written 


S, R + dz (=) (la) 


—each which identical expression 


and 


the Chezy coefficient flow; the hydraulic radius the cross-sectional 
area; the acceleration due gravity; the distance along the channel 


«**Back-Water and Drop-Down Curves for Uniform Channels,” by Nagaho Mononobe, Transactions, 
ASCE, Vol. 103, 1938, 950. 
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parallel the bottom; the depth flow; the conveyance cross 
section; the discharge rate flow; the width the water surface; 
the cross-sectional area; the slope the energy grade line; and the 
subscript denotes the value term for uniform flow conditions. For any 
specific value constant and So, being the slope corresponding 
uniform flow, equals the bottom slope the channel. 

Borrowing from the notations used Mr. Bakhmeteff, which 


(3a) 
and® 


—in which function the cross section and the subscript denotes the 


Into Eq. Mr. Bakhmeteff introduces the relation: 


which demonstrates holds remarkably well for most channels, and 
which the depth for uniform flow and hydraulic exponent.? The 
writer now proposes the relation— 


—which about accurate Eq. 5a, and which the critical depth 
and exponent similar discussion the values the hydraulic 
exponents and presented elsewhere this paper. will noted that 
these two exponents are the same the exponents and defined 
Messrs. Woodward and 


With these two additional substitutions (Eqs. 5), Eq. becomes 


designating 
and 
that 


Open Channels,” Boris Bakhmeteff, McGraw-Hill Book Co., Inc., New York, 
Y., 1932, 35. 
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found that 


and 
Substituting Eqs. and 7e, Eq. gives 


which can reduced 


Integration Eq. gives 


and designating 


Z fants (9b) 


The integrals represented and are both the sums infinite series, 
therefore not practical perform the integration for each particular 
problem. However, since the values for most cross sections lie between 
3.0 and 5.0 and most the values are between 2.0 and 5.4, tables can 
computed giving the values and for various values and 
explained Appendix II. For problem, and are easily com- 
puted that with the aid such tables Tables and the solution 
readily obtained. 


integrating between the limits and the distance these 
points obtained. Thus, 


and 


Eq. becomes 


and, substituting, 


So l—wu 


7d) 


8a) 
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TABLE THE TABLE THE 
Y-FUNCTION Z-FUNCTION 
n n 
u u 
3.0 3.2 3.4 3.6 3.0 3.2 3.4 3.6 
0.32 3.073 3.098| 3.105 
0.78 0.389 0.379 0.371 0.364 0.38 2.558 2.600 
0.79 0.404 0.394 0.385 0.378 0.40 2.418 2.438 2.453 2.464 
0.999 2.183 2.069 1.968 1.878 
1.40 798 0.622 0.497 0.406 0.50 1.896] 1.934 
0.782 0.608 0.485 0.64 1.332 1.373 1.405 1.430 
5.0 0.200 0.121 0.075 0.048 0.73 1.171 
7.0 0.143 0.081 0.04 028 0.78 0.893 0.950 1.033 
0.40 0.92 0.364 0.446 0.514 0.572 
0.50 0.083 0.082 0.082 1.03 —0.683 —0.581 
0.85 0.404 0.393 0.383 1.40 —0.096 | —0.083 | —0.073 | —0.064 
.89 
1.03 1.870 1.552 1.337 4.5 —0.001 —0.000 
1.26 1.178 0.907 0.725 
1.28 1.154 0.885 0.705 
2.1 0.704 0.485 0.348 6.0 —0.000 
2.2 0.676 0.462 0.328 
2.6 0.588 0.388 0.267 
2.7 0.570 0.255 8.0 
Eq. becomes 
0 


which the length the surface curve. definition, measured 
parallel the bottom the channel. For channel with mild slope—that is, 
slope less than critical—the distance measured this manner differs but 
little from the horizontal distance. is, therefore, convenient and customary 
consider horizontal distance this case. For channel with steep 
slope, however, possible that there may appreciable difference 
between the slope distance and the horizontal distance. 
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the form Eq. 13, the equation nonuniform flow will found most 
convenient. 


Inasmuch the hydraulic exponent (see Eq. 5a) has been thoroughly 
explained elsewhere,’ needless discuss detail. The exponent 
proposed herein very similar (see Eq. 5b) that for any two values 


and the corresponding values and the values and solved 
for directly the relationships: 


log 


log M,/M: 


log 


For rectangular channel, 


However, 


that 


and for parabolic channel 

most cases, however, will unnecessary determine these exponents 
more exactly than the nearest tenth. For this purpose convenient 
plot log against log and log against log for the channel question. 
The slopes the lines thus obtained will one half the values the 
exponents. 

the case the relation based entirely the shape the channel. 
For instance, two channels with the same side slopes, but having different 
bottom widths, will have the same value for values between and 
the case bottom width 20. Using this principle possible plot 
log against log for channel unit bottom width, and from the plotting 
determine the values for any range depths bottom widths. Fig. 
graph this type for channels unit bottom width with different side 
slopes. 

illustrate the use Fig. determining assume that desired 
having bottom width and side slopes First divide the depths 
and the bottom width, giving 1.0 and 1.5, respectively. Fig. 
lay triangle across the points where the slope line crosses the 1.0 
value and the 1.5 value y/b (see insert With the aid straight 
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edge, slide the triangle the left until coincides with the index point the 
left the chart. Read the value where the triangle intersects the scale 
the top the chart. this case, the value slightly less than 4.2. 
For ordinary computations the nearest 0.1 will accurate enough. 

The value can determined from chart manner similar the 
determination Any the flow formulas which can reduced 
the form: 


may used, provided that contains only factors pertaining the shape and 
the roughness the channel and that the roughness coefficient considered 
constant throughout the cross section. The Kutter formula not applicable 
because that case contains the slope. 

the Manning formula, 


that 


which when used with the constant 1.486, the well-known Manning 
coefficient roughness. Thus, the roughness coefficient cancels out and the 
hydraulic exponent function the shape the channel. Fig. are 
plotted values log against values log K.for unit bottom width and 
for different side slopes. The chart used exactly Fig. 


CoMPUTATION PROCEDURE 


illustrate the use the method nonuniform flow problems, the follow- 
ing typical examples are shown: 

per sec, and with Manning’s 0.025 and 8.0 ft, required deter- 
mine the length the curve. For 800 and 0.0004, 6.73 


Fig. 3 


and Because and the whole curve lies above the normal 
depth line, The values and mare obtained dividing 
8.0 and 2.98 ft, the values and respectively, the bottom width 
the channel—25 ft. This procedure gives 0.32 and 0.119, respectively; 
and, from Figs. and 3.4 and 3.6, using the slope line 
each case. 
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Theoretically the surface curve would infinitely long, but imprac- 
tical extend past the point where 0.999. The curve, then, will extend 
from where 6.73/8.00 0.841 where 0.999. From Eq. 
which yo/So 16,825 and from Eq. which 0.063, the following 
values are found: 


Ye\™ 
8.00 0.841 0.368 0.023 0.857 0.880 1.493 
6.74 0.999 1.769 0.111 —0.724 


—from which 25,100 ft. desired know what the stage would 
II, 0.880 0.297 0.583. 

The value which will make IT, equal 0.583 found trial and error, 


Ye\™ 
0.92 0.554 0.035 0.572 0.607 
0.93 0.591 0.037 0.525 0.562 
0.925 (interpolated) 0.583 7.29 


Example channel with side slopes and 0.0003 
ends abrupt drop (Fig. desired determine the length the 
surface curve 800 per sec and Manning’s 0.030. 


depth 
Critical 

depth 


= 


—_ 
— 


With the conditions given, 10.8 ft, 4.05 ft, yo/So 10.8/0.0003 
36,000, and 0.0356. Also, yo/15 0.72 and 
0.27; and, from Figs. and 3.4 and 3.6. Eqs. and 
the values are found 


Ye\™ 
4.05 2.667 0.259 0.009 0.007 1.384 
10.79 1.001 2.283 0.081 1.458 


—from which 49,800 ft. 
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(M;-Curve).—A sluice discharges into rectangular channel laid 
slope 0.0004; 300 per sec and Manning’s 0.015. The 
depth the vena contracta 0.5 and jump occurs where 0.8 
(Fig. 5). required determine the position the jump. 


Norma} depth line 


Lriticat denth 


The position the jump will determined the length the curve 
between 0.5 and 0.8. For rectangular channel 3.0, and 
entering Fig. with values y/b 0.5/20 0.025 and 0.040, 
3.83/0.0004 9,575, from which the values Eqs. and are 
found 


u Y (=) Y Z 
0.50 7.66 0.042 0.005 0.005 0.005 
0.80 4.79 0.080 0.010 0.010 


—from which ft. 

width carries 1,000 per sec and empties into pool that 
the depth the pool, (Fig. y:, the depth after the jump, 6.2 
ft, locate the position the jump 0.01 and Manning’s 0.020). 


The first step determine and which are found 3.97 and 
4.93 ft, respectively. From Figs. and that 3.2andn 3.2. 
Then, yo/So 397 and 1.99; and, Eqs. and 13, the following 
values obtain: 


—from which 328 ft. 
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Ezample (S:-Curve).—Fig. shows typical case this type curve, 
for which required determine the length 1,000 per see, 
Manning’s 0.013, and 0.005). 


Computations give 3.35 and 4.27 ft. For this range depths, 
the hydraulic exponents, and both have value 
and the following values are found: 670, 2.073, 
and 


0.785 0.396 0.821 0.877 1.645 
3.353 0.999 2.183 4.525 —1.182 3.343 
—from which 1,102 ft. 

sluice discharges into rectangular channel 
slope 0.008; 600 per sec, Manning’s 0.015, and the depth 
the vena contracta the length the surface curve (Fig. 8). 
Eqs. and 13, 2.25 ft, 3.03 ft, yo/So 281, 2.444, 
3.0, 3.0, and the following values are found: 


v u Y Y Zz 


3.168 


2.248 1.001 2.788 6.814 1.789 5.025 


—from which 890 ft. 


(Delivery Curve).—This problem included show how easily 
and quickly the integration method arrives solution, whereas the use 
step method would extremely cumbersome. 
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canal 10,000 long with side slopes (Fig. connects reservoir 
with reservoir Manning’s 0.025 and 0.0004. The pool 
constant, but the pool fluctuates. The problem prepare chart that 
will show the discharge through the canal for any level pool Head lost 
the entrance the canal will neglected emphasize the nonuniform flow 
part the problem. 


Criti 


depth tine 


Depth, in Feet 


(b) DISCHARGE CURVE 
0 100—, 200 300 400 800 
Discharge, Cubic Feet per Second 


Obviously, when the level the same elevation that the 
discharge will zero. the pool level lowers, the discharge will in- 
crease and the surface curve will the until the pool level 
lowered the point where coincides with the normal depth line the lower 
end the canal (in other words, where yo). Below this point flow 
the and maximum discharge reached when the pool 
below the level the critical depth line the lower end the canal. 

uniform flow obtains; and, the Manning formula, 744 per sec. 
For points the flow varied and the value corresponding 


—_, 
73, Reservoir 
(a) PROFILE AND SECTION 
10 
168 
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the corresponding values other quantities for values 3.4 and 
3.6 may tabulated thus: 


200 3.99 1.003 1.67 0.051 0.499 0.082 0.004 1.942 2.945 
400 5.81 0.688 2.56 0.061 0.726 0.224 0.014 1.182 1.196 1.884 
600 7.16 0.559 3.28 0.070 0.895 0.480 0.034 0.676 
700 7.77 3.60 0.073 0.971 0.835 0.061 0.238 0.814 


Values and corresponding with the values are found trial 
anderror. this case, where the Y-function not prominent, close approxi- 
mation can made referring the tables the Z-function. Two points 
are selected, the value computed for each, and the correct value 
found interpolation. Thus, for 200 per sec and 2.945, 


0.32 0.027 0.001 3.105 3.106 
0.34 0.032 0.002 2.918 2.920 
(interpolated) 2.945 11.79 


Similarly, for 400 per sec, 11.33 ft; for 600 per sec, 
10.23 ft; and, for 700 per sec, 9.00 ft. 

The maximum discharge determined transposing Eq. and solving 
for Maximum discharge will occur (see Fig. taking 
series discharges from 744 per sec upward and setting the 
corresponding values are determined. The value for which 8.0 
the maximum Again, 3.4 and 3.6. Thus, 


Se ic\™ 
Q yo Ve us Ys (=) Zs Os 
770 8.14 3.80 0.491 0.075 2.142 0.340 0.025 0.018 
800 8.30 3.89 0.482 0.077 2.134 0.341 0.026 0.019 


determine the value that corresponds trial values are 
selected and trial values are computed. The correct values are 
found interpolation: 


Ye\™ 

1.02 1.450 0.109 —0.643 

1.026 (interpolated) —0.473 7.92 
1.02 1.450 0.112 —0.531 

For 1.337 0.103 —0.539 —0.436 
1.027 (interpolated) —0.463 8.07 


Interpolating between these two values gives 786 per sec 
and 3.85 ft. one point computed between 744 and 
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772 8.15 0.491 3.80 0.075 1.02 1.450 0.109 


from which computation trial and error gives 6.43 ft. The computed 
points are plotted and the delivery curve drawn (Fig. 


CoNCLUSIONS 


The average engineer thinks terms uniform flow, which for simple 
problems may give sufficient answer. the ordinary canal, however, non- 
uniform flow encountered often uniform flow, not more often. There- 
fore, imperative that the engineer learn think terms nonuniform 
flow. important, also, that have convenient method working 
with nonuniform flow. 

integration method such the one presented shortens the time required 
compute backwater problems. What probably more important that 
such method makes possible, successfully and quickly, attack nonuniform 
flow problems that are seldom tried ordinary step methods. 

The method presented can used with the Kutter, the Manning, the 
Bazin, any other the open channel formulas used compute uniform flow. 
can also applied natural streams, channels with horizontal bottom, 
and channels adverse slope, although with the last special set tables 
the Y-function and the Z-function would have computed. 
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APPENDIX NOTATION 


The following letter symbols, defined where they first appear the text, 
illustration, conform essentially with the American Standard Letter 
Symbols for Hydraulics (ASA—Z10.2—1942) prepared Committee the 
American Standards Association, with Society representation: 


cross-sectional area; 

width stream bed; width water surface; 

the Chezy coefficient flow; also, constant integration; 

diameter circular section; 

base Naperian logarithms; 

gravitational acceleration; 

cross-sectional conveyance (defined Eq. 2a); cross-sectional 
conveyance for uniform flow; 

length surface curve; 
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cross-sectional function (defined Eq. 3a); cross-sectional 
function for the critical depth (defined Eq. 
hydraulic exponent (defined Eq. 5b); 
hydraulic exponent (defined Eq. 5a); also the Manning co- 
efficient; 
substitution factor (defined Eq. 24); 
discharge (rate flow); 
hydraulic radius cross-sectional area; 
slope: 
slope energy grade line (friction slope); 
slope water surface; 
slope channel bed (also slope water surface for uniform 
flow); 
substitution factor (defined Eq. 7a); 
velocity flow; 
substitution factor (defined Eq. 76); 
substitution factor (defined Eq. 22); also distance along canal 
parallel bottom grade used Eqs. 11; 
substitution factor (defined Eq. 9a); 
critical depth; 
depth for uniform flow; 
substitution factor (defined Eq. 9b); and 
substitution factor (defined Eq. 12). 


APPENDIX II. COMPUTATION TABLES 
Y-FUNCTIONS AND Z-FUNCTIONS 


Y= (u™-2 + yntm—2 + y2ntm—2 + ysntm—2 + -) . (21a) 


from which 


The series converges for less than 1.0, and for small values the convergence 
rapid. Thus, only few terms need computed each series. 
becomes large, more terms are required that the upper range values 
Eq. assume that 


that Eq. reduces 
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which 


(24) 
Expanding and integrating, 


which constant integration and the base the Naperian log- 
arithms. This expression converges more rapidly becomes larger. 

For the range between 0.70 and 0.90, the tables were computed 
differentials, the slope the curve versus being 


dY 


the average slope the curve between the two points. The interval 
must small enough bring this approximation within the limits accuracy 
desired. 

compute the Z-table Eq. expanded and integrated give 


1 yr 
(27b) 


Values Greater Than obtain converging series for greater 
than 1.0, let 


Then Eq. becomes 


Eq. was used for values from 1.10 30.0. 
For values between 1.001 and 1.10, the number terms the series 


becomes impractical that convenient transpose the equation. Thus, 
letting 


and, substituting Eq. 9a, 


f 
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The series represented Eq. converges more rapidly approaches 


All values the Z-function are negative for values greater than 1.0, 
and will noted that, where 


which, when expanded and integrated, gives 
grt gent 
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DISCUSSION 


Assoc. ASCE.—As stated the author, Boris 
Bakhmeteff, Hon. ASCE, first devised integration method, applicable 
all shapes channel, for the determination nonuniform varied flow 
profiles. further expressed Mr. Von Seggern (see 


“The Bakhmeteff method, however, evaluates only part the integral, 
thus making necessary apply factor series factors account 


for the remainder.” 


Although these factors are means arbitrary, their determination requires 
further computation and plotting. The author has successfully eliminated 
much this labor by: 


(a) Providing chart for the exponent and 
(b) Introducing exponential factor and developing tables for two new 
functions, designated and which and are parameters. 


The same purpose can achieved retaining Professor Bakhmeteff’s 
procedure and developing charts for the exponent and the critical slope 
Although the factors given these charts are for rectangular and trapezoidal 
shapes only, values can determined for circular, parabolic, other shapes. 
From Fig. that function y/b only and can read more 
directly than The critical slope also easily obtained from Fig. 


which the Manning coefficient. With the exponent and known, the 
integration readily performed using Professor Bakhmeteff’s varied flow 
function 


from Fig. 10, are follows: 


7] y/b n bY 8 1-8, 
0.32 3.7 0.0060 0.07 0.93 
Station 2.... 6.73 0.27 3.65 0.0056 0.07 0.93 


Then quantity obtained from Professor Bakhmeteff’s varied flow 
function tables using average value the exponent parameter, and 


Hydr. Engr., Knappen Tippetts Abbett Eng. Co., New York, 


Kirpich, Civil Engineering, October, 1948, p. 4 


" Jbid., p. 48, Fig. 4. 


Channels,” Boris Bakhmeteff, McGraw-Hill Book Co., Inc., New York, 
Y., 1932, pp. 808-311 
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3.7 (taken the nearest tenth), the computation completed follows: 


B(n) (1 Ar 
Station 0.303 0.28 0.91 1.46 


—which checks the author’s result within 2%. The slight discrepancy 
partly caused the different n-value used—3.7 instead 3.6. 


100 120 140 


2 
> 


n p = hydraulic exponent 
=critical slope 


n= Manning's roughness 


Values 


cases where alternative procedures are available, the engineer should 
choose the method with which familiar, unless some other method possesses 
marked advantages. Mr. Von Seggern has, fact, developed procedure 
having the advantage reducing the labor required computing varied flow 
profiles. However, the improvements Professor Bakhmeteff’s original pro- 
cedure described this discussion tend negate this advantage—that is, 
the factors Fig. are used conjunction with Professor Bakhmeteff’s 
varied flow function tables, the advantage claimed the author’s method 
largely lost. the same time using the alternative sugges- 
tion presented herewith, become familiar with two additional functions 
(designated and and acquire tables these functions. 
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uniform flow Mr. Von Seggern valuable accomplishment toward more 
definite knowledge different flow problems. and 13, together with 
Figs. and and the tables Y-functions and Z-functions, make possible the 
easy solution discharge problems channels uniform cross sections with 
sustaining slopes. The solution the typical examples adds greatly the 
value the paper and makes very useful reference. Because the curva- 
ture the lines Figs. and the values the hydraulic exponents, and 
tend increase with increase depth 

Example the author used the average values 3.4 for and 3.6 for 
computing the total distance the surface curve. indicate the relative 
effect changes and the writer recomputed Example individual 


reaches, using the values and determined for each reach, shown 
Table 


3.55 3.7 5,948 


The difference total distance the surface curve computed the 
two integration methods amounts only 2.32%. 

The computation the surface curve the ordinary step method requires 
relatively small steps obtain close agreement with the integration method. 


TABLE INTEGRATION AND STEP METHODS FOR EXAMPLE 


Deprus oF Fiow y (1N FEET) FoR Five 
Method Vauves or L (1n FEET) 


15,000 21,000 31,000 48,690 49,820 


Integration Method, with: 


Step Method; Depths Increased Steps of: 


Example step computations for each 0.2 0.3 for the flatter part 
the surface curve would required find the distances that would agree 
approximately with the integration method, and consequently such detail 
computations would long and would require considerable time. 


8 Office, Corps of Engrs., Denver, Colo. 
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comparison the results obtained the integration method and 
step methods with 0.5-ft steps and 1-ft steps given Table 

The application the integration method natural streams would 
very difficult because the varying cross section and slopes usually encoun- 
tered. their present form, Eqs. and 13, could not applied channels 
with horizontal bottom grade. The integration the equation for nonuniform 
flow and the computations the Y-functions and the Z-functions are important 
advances the development the science hydraulics. 


Davison,“ ASCE.—Agreement with the author’s general con- 
clusions presents difficulty. Practical problems almost never offer case 
strictly uniform flow. The nearest case uniform flow problem the 
writer’s experience was the determination flow conditions power canal 
that was designed conform the capacity output the hydroelectric plant 
the lower end the canal. Considering peak periods, capacity plant 
operation occurs for total about 2,000 hours per annum which less than 
25% the total time; and even during the periods capacity plant operation 
the stage the canal does not often remain constant. 

proposed method working with nonuniform flow should both con- 
venient and accurate. method that may convenient the specialist 
who encounters many engineering problems the same general type may 
quite inconvenient and formidable the engineer general practice who must 
achieve sound engineering solution without spending too much time 
preliminary refresher course involved technique. 

achieve accuracy, much depends correct evaluation the factor 
the well known coefficient roughness which appears the Manning and 
Kutter formulas. 

With respect artificial channels, the initial evaluation can doubtless 
quite accurate assumption based laboratory experiments; but these 
experiments were conducted under uniform flow conditions. actual opera- 
ting conditions vary both ways from the uniform flow condition average, 
probably the assumed value realistic enough except for effects frost 
and weather exposure with the passage time. actual operating conditions 
are otherwise, perhaps some consideration should given the probability 
that the value will vary with wetted perimeter. 

cases natural streams, assumed value never reliable particu- 
larly for high water flood conditions pond areas above dam. such 
areas the backwater curve convex upward, similar the author’s 
For this type curve, realistic value which may 15% higher than the 
assumed value means that the length the backwater curve will decrease 
from 40% 60%, depending circumstances, for the same value This 
indication that the actual backwater curve will shoot much more 
abruptly than expected, facing upstream. assumed value often too 
low 50%. This can have serious results many power companies have 
discovered their embarrassment, when faced unexpected flood-damage 
claims involving property that was considered safely located. 


% Civ. Engr., Glens Falls, N. Y. 
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The first step analyzing nonuniform flow problems compute the value 
values corresponding the range discharge, from consideration 
high water marks and channel conditions along the reach being studied. Such 
computed values will much more realistic than any assumptions. 
The technique and computations applied analyzing practical nonuniform 
flow problems should such form emphasize, rather than obscure, 
this important factor, which admittedly difficult evaluate correctly. 

Consider reach bounded two channel cross sections (section and sec- 
tion reading downstream) which are separated distance The equa- 
tion nonuniform flow 


y2 V2. 
and 


Eq. the Manning formula, with the factors and representing the 
mean the corresponding values applicable the two cross sections the 
reach, and the factor signifying the coefficient roughness. The expression 
for the slope the water surface 


For uniform flow, the second term the brackets Eq. becomes zero, 
and 
S, = ) (37) 
For critical discharge, 
For the backwater curve, Eq. may written 


Eq. 40, the factors and are the depths corresponding and 
Except otherwise stated, other factors Eqs. are the same de- 
fined the paper. Application these formulas required, with assistance 


y 

se 
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from tables giving the physical and hydraulic properties rectangular and 
trapezoidal sections, produces the solution practical problem with slide- 
rule computations. certain amount tabulation required but the pro- 
cedure less tedious than appears first glance. 

difficulty was experienced checking closely the coordinates computed 
the author for backwater curves illustrated Examples 
1,2,and7 There seems little point computing the total over-all 
length the surface curve Examples The author states, 
cally the surface curve would infinitely long Usually all that 
required develop the surface curve within practical limits. 

With respect Example the writer’s computation procedure, using 
40, established the factors without resort and included 
the author’s procedure. The slight discrepancy between the resulting rating 
curves computed the two procedures (see Fig. 11) would disappear 


Depth, yz, in Feet 


100 200 300 400 500 600 700 800 
Discharge, Cubic Feet per Second 


the writer had used values varying from 0.027 for 200 per sec, 
0.0256 for 700 per sec, instead the constant value 0.025 through- 
out. Since the difference these n-values well within the range allowable 
difference opinion with respect assumptions, the discrepancy results 
unimportant. 


method concerning the integration the 
equation nonuniform flow prismatic channels, proposed the paper, 
interesting extension the well known method advanced Boris 
Bakhmeteff, Hon. ASCE, 1912 and 1932. The application that 
method, even when facilitated use the tables the varied flow function, 
still very complicated, because the expression depends the critical 
depth. Mr. Bakhmeteff suggests that the variation versus the 
water depth may represented graphically and then approximated suc- 
cessive mean values for the various 


Prof., College Eng., Notre Dame Univ., Notre Dame, Ind.; formerly the Faculty Civ. 
Univ. Vytautas the Great, Kaunas, Lithuania. 


Open Channels,” Boris Bakhmeteff, McGraw-Hill, Book Co., Inc., New York, 
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The method suggested Mr. Von Seggern more universal and con- 
venient, provides the necessary tables, well the diagrams, for de- 
termining values the hydraulic exponents for trapezoidal cross sections 
channel. The exponents can found these diagrams terms the side 
slope channel and the ratio water depth the bottom width. 

The writer would like suggest that the author search for possible 
simple relation between two hydraulic exponents—one for the normal depth 
and second for the critical depth. Such relation would facilitate the pro- 
cedure computation. 

Mr. Von Seggern’s method still requires the determination the critical 
depth for each particular discharge. For trapezoidal cross sections, this 
rather difficult. The determination critical depth may simplified ap- 
preciably the use diagrams, such those used Russian 

eastern Europe the practice attempt simplify the otherwise 
backwater computation use tables, which cover cases positive 
slope and negative slope and for the horizontal bottom. other methods 
sometimes used, that tables are employed, but 
each case solved integration. 


ASCE.—An ingenious and worthwhile addi- 
tion the procedures for integrating the equation for gradually-varied flow 
presented this paper. many problems, which those cited the 
author are typical, the procedure rapid, comparatively simple, and leads 
results which are entirely reliable. also gratifying note that, con- 
siderable extent, the author has conformed the concepts and notations 
Boris Hon. ASCE. This conformity seems extremely 
desirable, since Mr. Bakhmeteff’s work generally conceded both com- 
prehensive and sound, and may well accepted both point departure 
for the discussion other procedures and basis for the correlation new 
material. fact, the principal objective this discussion will point 
out the basic similarity, and the specific differences, between the two methods. 

Before embarking this principal theme, thought will offered con- 
cerning the computation the hydraulic exponent the start in- 
vestigation, there may available normal depth-discharge rating for the 
channel, developed from either computed observed data. Such rating, 
plotted logarithmic coordinates, all that required for graphical deter- 
mination Since constant, logarithmic coordinates the curve 
for parallel the curve for that the slopes are identical, and may 
determined from either, using the technique described Mr. 
Similarly, log may used Eq. lieu log 

The applicability the author’s method rectangular channel has been 
verified the writer, using criterion accuracy series profiles ob- 
served 5-ft rectangular channel under carefully controlled laboratory con- 


‘Brief Consulting Book of Hydraulics,” by N. N. Pavlovskij, Kratkij Gidravligeskij Spravotnik, 
Techgosizdat, Leni 1940 (in Russian). 

Steponas Kolupaila, Kempten, 1947 (in Lithuanian). 
the Nonuniform Flow Horizontal Bottom the Channel,” Pavlovskij, Izvestija 
Nauéno-Melioracionnogo Instituta, 1930, No. 20, Leningrad (in Russian). 
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The proposed method yields results that are very close agreement, 
not only with observed data, but also with computations other generally 
accepted methods. This agreement expected view the fact that 
all reliable methods have much which may considered 
the parent equation from which all the methods derive, might written 


which the first term the right represents the effect the change depth, 
whereas the second term the right represents the effect the change 
kinetic energy. many cases, this second term has little effect the final 
results; fact, the term may often entirely neglected practical engineering 
problems. However, the entire difference between most the reliable methods 
computing profiles lies the manner evaluating this second term. From 
3a, 3b, and 


whereas, for example, Mr. Bakhmeteff’s Eqs. (45) and (47), 


Thus, the extent which each assumption applicable given channel, 
there should consistency between the results. 

few simple substitutions, will become evident that the methods 
Messrs. Von Seggern and Bakhmeteff are identical with respect the evalua- 
tion the first term careful analysis the Von Seggern develop- 
ment will disclose that 


Bearing mind that the Von Seggern the reciprocal the Bakhmeteff 


and 
that 
Using the Bakhmeteff notation (Eq. 83), 
” dn 
(460) 


the Backwater Profile for Steady Flow Prismatic Channels,” Wallace 
Mitchell, Bulletin No. Univ. Eng. Experiment Station, Urbana, 


y 
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Eq. becomes 


which identical to.the form developed Mr. Bakhmeteff, Eq. (90), for the 
case which restoration kinetic energy neglected. 

Now will obvious that Table well Mr. Bakhmeteff’s Table II, 
may considered unnecessary, since the required information may obtained 
from Mr. Bakhmeteff’s Table example, let 3.6, 7.50, and 


and 


From Table 2.464; and, from Mr. Bakhmeteff’s Table II, B(n) 
2.464. However, this result may obtained from Mr. 
Table IA, which yields B(n) 0.036 that B(n) 2.500 0.036 
2.464 before. Thus, Mr. Bakhmeteff’s Table sufficient obtain 
the needed values. 

The preceding statement true, course, only for the part the computa- 
tion that does not involve change kinetic energy. This additional refine- 
ment, involving the evaluation the second term Eq. 41, obtained differ- 
ently various investigators, and represents the differences referred the 
third paragraph this discussion. The concept has been expressed Eq. 12, 
which might also have been written 


whereas Mr. Bakhmeteff’s Eq. (85) might have been written the corre- 
sponding form: 


mentioned previously, the author’s method has been found both useful 
and reliable for rectangular channel. Doubtless the application may 
extended many other types cross sections. However, the writer has been 
concerned with flood plain type cross section—that is, cross section which, 
for small values comparatively narrow but which, increases, suddenly 
expands very great width. Several difficulties arise. Among the more 
serious the fact that the rapid increase width results decrease the 
value that the values range far outside the values shown 
fact, extreme cases, these values approach negative infinity. 
such cases, appears that the usefulness the method confined com- 
puting those profiles for which the normal depth substantially greater than 
that required submerge the flood plain. 

two methods which produce equally satisfactory results, one the other 
may the more desirable from the practical viewpoint. only the total 
length reach between two widely different values desired, method 


m 
a- 
or 
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that completely integrates the varied flow equation may result great saving 
labor. the other hand, the length reach between two widely different 
values cannot taken absolute criterion for the comparison two 
methods computing the entire profile. Two profiles which are quite dis- 
similar may, chance, intersect two more For this reason, 
well others, may desired accurately define the shape the profile 
for the entire reach, and the reach may need subdivided. Under these 
circumstances computations the Bakhmeteff method may made highly 
satisfactory varying from one another the subdivisions. the 
desired number points increased, the step method, with its simplicity, 
flexibility, and widespread acceptance, becomes more and more attractive; 
but, for profiles channel simple geometric cross section, for which only 
few points are required, the author’s method should welcomed all 
hydraulicians. 


Francis method for calculating backwater, which 
once precise and simple apply, presented this paper. The basic assump- 
tion the Bakhmeteff solution, that the quantity (in which 
the normal slope and the critical slope) remains constant, satisfactory 
for channels with moderate slopes. However, steep channels where the value 
large, the variations that quantity can significant factor de- 
termining the form the backwater profile. The author’s method permits 
the evaluation that factor. 

One inference that can drawn from the use the method that the 
conventional backwater profiles shown most textbooks are need modi- 
fication (except for the special case that they fail show the change 
character the profiles that occur the depth for which the normal 
discharge equal the critical discharge. This depth given the formula: 


The profile shown Fig. was plotted with the help Tables and 
that the profile dips below the level the pool into which the water entering. 
The point reversal slope reality point transition from 

the following tabulation six such possible transition points are listed 
(the foregoing illustration falling case 1): 


Hydr. Engr., Corps Engrs., Mobile, Ala. 
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nm/(n—m) 
nm/(n—m) 


from which can inferred that So, provided Thus, 


cases and the slope the profiles depth zero. However, 
cases and ye, and Eq. assumes the indeterminate form 0/0. 


substituting into Eq. 


Dip at point of 
[reversal in slope 


level 


Fie. 


determine the slope the profile, the numerator and the denominator are 
replaced the right-hand side Eq. their derivatives. The result 


and the slope the profile therefore 


cases and the slope the profile not zero usually shown 


backwater profiles but has finite value which minus case and plus 
case 


Guy integration method discussed this paper 
provides what appears adequate method analysis for use with 
Engr., Bureau Reclamation, Billings, Mont. 
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uniform channels. However, the opinion the writer that the application 
the method must limited uniform channels, and that natural channels 
cannot classed uniform all cases. Standard methods analysis assume 
that channel characteristics change uniformly from one section the next. 
Thus, Mr. Von Seggern’s hydraulic exponents are themselves functions 
which means that his differential equations not have the variables separated, 
and are therefore not proper for use with nonuniform channels. 

Time has not permitted the writer investigate the possibility com- 
pleting the separation the variables such case, but the fact that the 
differential equations contain exponential functions the left-hand variable 
the right-hand side indicates that the mathematics may extremely involved 


ASCE.—Together with the complete tables, 
this paper provides convenient method for solving problems nonuniform 
flow channels such cross-sectional shape that the actual variation area 
and hydraulic radius with depth must taken into account. The usual as- 
sumption made that the friction loss varies indicated the Manning 
formula, with the rate loss assumed equal that uniform flow the 
same depth. Variations friction loss and velocity head with changing 
depth are quite accurately approximated the integration, and laborious 
“step” computations are avoided entirely. 

One stumbling block that has caused many engineers loose interest 
complete integration methods has been the necessity taking 
determine the “hydraulic exponents the relationships used 
approximate the variation and Although these exponents 
are easily defined, their computation often time consuming. Nagaho 
Mononobe’s attempt was unsuccessful, was based 
the unreliable approximation the slope the straight line best representing 
section curve the mean the slopes the curve each end the 
section. The author’s method simplifying the determination and 
shown Figs. and once easy and theoretically sound, and has the 
advantage immediately revealing how large the maximum error the 
approximation may be. 

The exponent useful not only setting the equation nonuniform 
flow, but also determining the critical depth. Assume, for example, that 
one solving problem nonuniform flow trapezoidal channel with 
bottom width and side slopes vertical horizontal. The ex- 
ponent has been determined 3.65 for the range depths expected. 
required find the critical depth for discharge 200 per sec. 
making use the values area and water surface width for convenient 
value the depth within the range, the value the constant the following 
equation found 30. 


For flow the critical depth, 
2 A} 
(53) 


_ ™ Prof. of Hydr. and Structural Eng. and Acting Head, Dept. of Civ. Eng., State Univ. of Iowa, Iowa 
City, 
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Therefore, from which the value the critical depth 
2.77 ft. 

Similarly, for the channel Example the constant may evaluated 
using the value 3.4 obtained the author and values the area and 
water surface for intermediate depth ft: 

Hence, the critical depth when 800 may found solving for the 
equation: 
This yields 3.0, which agrees closely with the author’s value 2.98. 

obtaining the values the exponents and for Example the author 
uses range depths from 2.98 8.00. would seem that the actual range 
depths the backwater curve, from 6.73 8.00, would more appropriate, 
although, course, the difference results would inappreciable this 
instance. The actual range depths apparently used Example 

evaluating the over-all merit the author’s method, comparison with 
the step methods which the significant variables are rationally accounted for 
channel uniform cross section the step method does not 
involve trial-and-error solutions. However, accuracy preserved, the 
steps must short, that the labor computation many problems still 
greatly excess that required the author’s method. The step method, 
the other hand, has the advantage that tables are required. Thus, it, 
would seem that the step method will continue the favorite the occa- 
sional user but that the author’s method should prove valuable those who 
have many backwater curves compute. 

question greater importance than the comparative convenience 
various methods computing backwater curves, all based practically the 
same assumptions, that their accuracy representing the physical 
phenomena. Following the example set Mr. Mononobe (who made tests 
most the backwater curves flumes different cross sections) Hsu-Hua 
lar and more recently Wallace Lansford and William Mitchell, 
Members, ASCE, have made extensive tests flumes rec- 
tangular and flow” type cross sections.*! Although the sum total 
experimental evidence inconclusive, does seem evident that the 
methods computing backwater curves not always yield results that agree 
well with experiment. Messrs. Lansford and Mitchell apparently found 
necessary determine the actual rating curve for the cross section and use 
this information computing their theoretical curves. This was equivalent 


using variable value experimentally determined over the range 
% Discussion b: YY . C. Stevens of ‘‘Back-Water and Drop-Down Curves,” by Nagaho Mononobe, 
Transactions, ASC. Vol. 1938, 990. 


Experimental Study Backwater Hsu-Hua Hu, thesis presented the Graduate 
College the State University Iowa Iowa City, Iowa, 1947. 
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depths, procedure not ordinarily available the backwater curve computer. 
Until more systematic experimental evidence available, would seem that 
principal use the backwater curve methods— the author’s and the 
step method—would facilitating the study experimental evidence. 


Step Method with S, 
based on reting curve 


Distance feet from point where depth feet 


For practical purposes, the simple equation Bresse, for which 
tables are available, sufficiently accurate. using the Bresse equation the 
selection constants important. The value the normal depth should 
determined the Manning formula, better yet, direct measurement. 
The value should that which will make the approximation for the friction 
slope used the Bresse formula most nearly correct according the Manning 
formula, 

Values should computed for the depths each end the backwater 
Ordinarily such values will differ but little. intermediate 
value then selected for use the Bresse formula. 

Fig. shows comparision curves computed various methods with 
data selected from the Messrs. Lansford and Mitchell. The 
upper set curves approximates data shown plotted points for discharge 
39.98 per sec rectangular channel wide, having bottom slope 
0.003. The sides and bottom the channel were covered with chain link, 
2-in. diamond mesh, No. wire. The normal depth was given 2.335 ft, 
Messrs. Lansford and Mitchell using the step method with friction evaluated 
the experimental rating curve with the assumption that the friction slope 
given depth varies with the square the velocity. The dashed line 


Von Seggern 
J 
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below the solid curve shows the results obtained using Bresse’s equation with 
value 39, intermediate between 36.6 and 40.8. The dashed curve 
above the solid curve shows the results obtained the author’s method, with 
3.0 and the hydraulic exponent determined from Fig. 2.4. The 
agreement might improved the value were based the ex- 
perimentally determined rating curve. 

shown the lower set curves, similar results are obtained for 
discharge 29.91 with normal depth 1.877 the same channel the 
same slope. 

The author commended for his scholarly paper. His succinct con- 
clusions deserve thoughtful reading. 


Von Assoc. ASCE.—Some important information 
regarding nonuniform flow general has been brought out the discussion 
this paper, and the pros and cons the writer’s integration method have been 
argued. this closure the various differences will elaborated upon. 

Mr. Posey raises important point when questions the underlying 
theory behind all present methods computing backwater curves. The mere 
fact that, for many years, engineers and hydraulicians have accepted certain 
assumptions regard nonuniform flow means proof that these as- 
sumptions are correct. More research this subject order. 

Mr. Kolupaila’s suggestion searching for possible simple relation be- 
tween the two hydraulic exponents has considerable merit. When Manning’s 
formula used the computation does seem possible that, because 
both and can reduced functions the cross section, relation between 
these two exponents could found. However, the writer has been unable 
discover such relation simple form. 

Although the reader. may have received the impression that Manning’s 
formula essential the writer’s method, this not true. Kutter’s formula, 
the Bazin formula, some other open channel formula may used; but, 
any these employed, then Fig. longer pertinent, even 
though the principle behind still applies. 

Mr. Kirpich has devised convenient chart (Fig. 10) for determining the 
value the hydraulic exponent, for any given depth, The integration 
the equation nonuniform flow performed Boris Bakhmeteff, Hon. 
ASCE, and the writer based the assumption that log plotted 
against log straight line and can expressed mathematically the 


equation: 


which approximation only. 

practical application necessary obtain the value the slope, n/2, 
the straight line which most nearly approximates the curved line the 
actual condition. Using Fig. this average obtained directly; and the degree 
the approximation apparent, has been aptly stated Mr. Posey. 
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Using Fig. 10, the value for the extremes depth would averaged 
arithmetically. The choice methods matter individual preference. 

Mr. Posey has questioned the reason for using the range depths from 2.98 
8.00 Example for determining the values and This question 
brings point that may have been overlooked most readers. The 
writer’s equation nonuniform flow expressed Eq. assumes straight 
line plot log against log over the range depths from 
necessary, therefore, use this range computing the value For the 
value may sufficient use the shorter range from but ail 
the examples the writer used the same range depths for determining 
for determining 

The writer complete agreement with Mr. Mitchell’s discussion. 
was, fact, while attempting simplify and shorten the work involved 
computing the kinetic energy factor Mr. Bakhmeteff’s equation that the 
writer developed his method. Mr. Mitchell has not emphasized the one im- 
portant difference between the Bakhmeteff method and the writer’s method— 
the fact that the writer’s method integrates both members the equation 
whereas the Bakhmeteff method integrates only that part the equation 
representing the effect change depth. 

Mr. Mitchell suggests (and the writer agrees) that the effect change 
kinetic energy can often neglected practical engineering problems. 
cording Mr. Bakhmeteff this term can safely disregarded only the 
With the writer’s method, however, there need 
neglect any case, except, perhaps, for natural streams, the entire compu- 
tation relatively short and simple. 

Mr. Posey suggests that the equation Bresse sufficiently accu- 
rate for computing ordinary backwater profiles. The Bresse equation based 
special case which the hydraulic radius equals the depth the water 
and would apply only infinitely wide rectangular channel, although 
would reasonably close for rectangular channels where the width great 
compared depth. However, the hydraulic radius assumed equal the 
depth, then the method can shown that 3.33 (using 
Manning’s formula) and 3.0. set tables abstracted from the 
writer’s original set for these values and the necessity computing 
the hydraulic exponents for each problem eliminated, and the result 
method that should give exactly the same answers the Bresse method—and 
one that may even simpler Thus, some the disadvantages the 
Bresse equation are eliminated, and some the advantages are retained. 

Messrs. Hodges and Thatcher expressed doubt the applicability 
this method natural streams. The writer does not claim that the method 
applies all cases, but does large proportion them. natural 
streams the profile probably the most common. this profile 
the effect the change kinetic energy small and may neglected. Thus, 


% “Hydraulics of Open Channels,”’ by Boris A. Bakhmeteff, McGraw-Hill Book Co., Inc., New York, 
N. Y., 1932, p. 98. 
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this form (Eq. 58) the critical depth does not need computed 
the exponent, determined. Only the tables for the Z-function need 
consulted. 

has been stated Messrs. Hodges and Thatcher, natural channel 
has innumerable variations both cross section and slope. The roughness 
coefficient also varies considerably from place place. There are, fact, 
many variations that, except rare instances, computation 
out the question regardless the method computation employed. 
rating curve any point along the stream sums and includes all these 
variables the vicinity that point; but even the rating curve cannot 
considered 100% accurate. 

acknowledged that computation impossible, then the 
problem becomes one deciding how much accuracy required, and how 
much trouble and expense are warranted obtaining data and making compu- 
tations. For integration method will necessary know the average 
river bed slope, the normal depth, yo, for any given discharge, and the value 
the hydraulic exponent, rating curve curves are available, log can 
plotted against log obtain approximately straight line the slope 
which n/2. Mr. Bakhmeteff shows one method making this but 
the writer prefers the method shown Horace ASCE. The 
King logarithmic plot will give and yo. the water spreads thinly over the 
flood plain, other complications arise, discussed Mr. Mitchell. 

For backwater problems where data are meager and preliminary solution 
required for the early stages planning studies, the integration method 
presented herein given Mr. Bakhmeteff (the two being nearly identical 
for natural streams) particularly well adapted. reasonably accurate profile 
can obtained with minimum field data and minimum computation. 

Even where more detailed studies the backwater profile are required, 
the integration method will give satisfactory results, considering the difficulties 
estimating realistic values the roughness coefficient and selecting the 
proper location for cross sections. Aggradation the stream bed silt 
deposition upstream from the control structure which will produce the back- 
water profile may seriously affect that profile, and cannot predicted ad- 
vance with any accuracy. So-called “precise” profile computations 
natural stream appear the writer illusions most cases; and, except 
where absolutely necessary, time and money spent obtaining great volumes 
detailed data and making elaborate computations are unwarranted. 

The step method computation not outmoded any the integration 
methods. suggested some the discussers, many engineers who com- 
pute backwater profiles only occasionally will prefer one the many step 


Open Channels,” Boris Bakhmeteff, McGraw-Hill Book Co., Inc., New York, 
p. 2 


Hydraulics,” Horace King, McGraw-Hill Book Co., Inc., New York, 
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methods that have been published. some cases not practical apply 
integration method. 

For backwater profiles uniform, prismatic channels, however, integra- 
tion method simple, quick, and accurate. Some the step methods pub- 
lished textbooks and technical papers are less complicated than the 
integration method presented the writer. Mr. Davison’s method case 
point. begins with form the equation nonuniform flow (Eq. 34a), 
which the mathematical equivalent Eqs. algebraic substitutions 
and computations develops Eq. 40. doubtful whether most engineers 
who only occasionally compute backwater curves would find Eq. any less 
formidable than Eqs. and 13. The use the writer’s method does not 
necessarily require complete understanding the derivation all the 
equations. 

Where complete water surface profile not desired, but only one two 
points are needed, the integration method especially advantageous. 

Mr. Hodges raises the question applying this method horizontal bottom 
grades. few simple modifications the equations are necessary for this 
extension, and the entire process related critical flow because approaches 
infinity the bottom grade approaches zero. For horizontal bottom grade, 


and let which the critical slope the slope necessary 
make given flow critical depth. 
After substituting the equation nonuniform flow and integrating, 


correspond Eqs. and for sustaining slopes. tables 
are necessary. The application practical problem the same for sus- 
taining slopes. Mr. Kirpich’s charts for computing critical slope and critical 
depth are especially useful these computations. 

Mr. Escoffier offers interesting development which results from manipu- 
lation the formulas presented the paper. The deviation the profile from 
horizontal line the instances cites small. The exponents, and 
represent the slopes lines which, reality, are only approximately straight. 
For this reason, and because Mr. Posey’s pertinent query the soundness 
the theory underlying the equation nonuniform flow, the writer hesitates 
comment Mr. Escoffier’s conclusion. 

The writer pleased the response this paper and wishes thank all 


the discussers for their interest. appears that the discussion provoked has 
been worthwhile. 


AMERICAN SOCIETY CIVIL ENGINEERS 
Founded November 1852 
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Paper No. 2392 


NOMOGRAPHIC ANALYSIS RECTANGULAR 
SECTIONS REINFORCED CONCRETE 


AND 


Several methods are current use for the design reinforcement rec- 
tangular sections reinforced concrete subjected bending and direct stress. 
However, most them require the use numerous diagrams tables; involve 
long and laborious computations; and are useful mainly analyzing designs 
previously made, rather than making original design. designing 
customary assume the amount reinforcement and then check the as- 
sumption. the assumed reinforcement inadequate uneconomical, new 
assumption must made and the process repeated until satisfactory design 
obtained. This process laborious and time consuming. Many diagrams 
tables are usually required, because, account the number variables, 
made constant and one diagram drawn for each value few 
values d’/d are usually selected but practice frequently found that the 
actual value d’/d does not conform with any one the diagrams. Then the 
diagram made for the nearest value must used, the sacrifice 
considerable accuracy, interpolation must made between two diagrams 
and that process inconvenient. The value also assumed con- 
stant; therefore, different value used, another set diagrams 
required that, for complete and satisfactory solution with reasonable 
accuracy, many diagrams are required. 

Also infinite number combinations and will satisfy the equa- 
tions, but usually provision made for determining the most economical 
combination. 

The method presented herein obviates these objections, and believed 
more complete and satisfactory and more easily applied then any other known 


January, Positions and titles given are those effect when 
the paper discussion was received for publication. 


Highway Bridge Engr. (Retired), Public Roads Administration, Philadelphia, Pa. 
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the writer. Only three nomograms which contain six variables need 
used. The nomograms were made primarily for bending and direct stress, but 


they are equally useful for simple bending because simple bending merely 
special case the more general one. 


The nomograms and examples their use are explained make the method 
procedure clear. Then the derivation the formulas and the method 
construction the nomograms are given. 

The accepted theory reinforced concrete adhered throughout with- 
out modification and the symbols used are standard and well known. 


Six variables are involved the three nomograms, Figs. and 
with formulas that follow: 


d y e’ 
and 
For simple bending 


Fig. nomogram that contains the variables and and gives 
the value which will make the sum minimum when B,C, 
and are known. Fig. similarly, nomogram that contains the vari- 
ables d’/d, and and gives the value any one the four when the 
other three are known. Fig. likewise, nomogram that contains the 
d’/d, and and gives the value any one the four when the 
other three are known. The equations which Figs. and are based are 
given Appendix and brief review the construction nomograms 
presented Appendix II. 

designing reinforced concrete sections, the allowable unit stresses and 
the ratio the modulus elasticity steel that concrete and the 
embedment the steel are given the specifications are known. The 
dimensions and are fixed other considerations; and, therefore, the prob- 
lem design determine the most economical satisfactory ratios 
tensile and compressive reinforcement fulfil the given requirements. 

checking design the which has previously been made, 
and the dimensions and are known and the problem find 

Because the procedures the two cases (that is, designing and checking) are 
different, examples both are given which will make both procedures clear. 
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designing, the procedure find the values and d’/d from the 
given data and then determine the values and from the nomo- 

Design the Reinforcement for Case Bending and Direct 
required find the longitudinal reinforcement for eccentrically 
loaded column section arch ring, in. wide and in. deep with the 
reinforcement in. from the surface the concrete. The column (or the arch 
ring) carry load thrust 30,000 and bending moment 550,000 
in.-lb. The maximum allowable unit stresses are 1,000 per in. the 
concrete and 20,000 per in. the steel, and equal 10. 

550,000 in.-lb; 30,000 lb; M/N 18.33 in.; 25.33 in.; 
1,000 per in.; 10; 1.583; (by Eq. 1b) 0.247; and 

(by Eq. 0.111. 

Fig. lay straight edge passing 
through the points 0.247 andC 
0.111 the B-scale and the C-scale, 
respectively. Where the straight edge 
cuts the curve for 0.125 (inter- 
0.470 (point Fig. 1). With this 
0.075; and, from Fig. found 
0.118—which are the required 

the other hand, may that 
desirable run the bars through from 
one section another make the num- 
ber splices small practicable. 
that case the given percentage re- 

and the percentage required for the 
other side may computed from the nomograms. 

Suppose this example desired use 0.5% compressive steel— 
that is, 0.050. Then found 0.512 (point A’, Fig. 2); and, 

may noted that the sums (p’ and the two cases are only 
slightly different, but the combination obtained using Fig. smaller. 
most cases the difference will greater than this example. 

Simple Bending Design with Both Tensile and Compressive 
required design the reinforcement for beam in. wide and 
in. deep with the steel in. from the faces the concrete and subjected 
bending moment 363,000 in.-lb. The allowable unit stresses are 850 
per in. and 16,000 per in. 

simple bending the same nomograms are used except that 
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0.190. 

The value which will give the minimum value found 
0.447 (point Fig. 1). From Fig. with d’/d 0.20 and 0.447, 

course, known, should zero simple bending when that value 

However, 0.018 large percentage tensile steel and may considered 
undesirable. may reduced using small amount compressive 
steel. practice some this steel usually placed near the top beam 
for temperature for other purposes and frequently neglected computing 
the tensile reinforcement because its effect the tensile steel thought 
negligible. With the nomograms this paper easy give the com- 
pression steel its proper consideration neglect it; therefore, let 
assumed that there 0.55% compressive steel, 0.055. Then 
found 0.385 (point B’, Fig. 2); and, from Fig. found 
0.0137. should expected, this total percentage steel (0.0137 
0.0055) 0.0192 greater than 0.0180, the percentage tensile steel alone. 


EXAMPLES ANALYSIS 


the analysis designs previously made, Figs. and are used but the 
procedure different. Fig. and d’/d are known but unknown and 
unknown and unknown because unknown. 

However, the quantity, 


can readily found from the given data and used Figs. and de- 
termine 

Example Checking the Stresses Section Subjected Bending and 
Direct required check the stresses the steel and the concrete 
member in. wide and in. deep subjected bending moment 
600,000 in.-lb and direct thrust 75,000 lb. The reinforcement consists 
four bars tension and two bars compression. 
The embedment the steel in. and equal From the given data, 

The procedure assume tentative value and find tentative 
values and and C/B from Figs. The tentative value C/B 
found the first trial will probably far from the correct value (—0.058 
this example), but the correct value can soon reached few trials which 
can made approach the correct value. 
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The ratio C/B always less than unity and observed from nomograms 
andC that, when C/B small percentage unity negative, will 
rather large. this example, C/B negative; therefore, with 0.143, 
0.095, and 0.0475, and knowing that C/B should —0.058, try 
C/B 0.082. The value C/B too low; therefore, should smaller. 
This value C/B too high; therefore, the correct value lies between the two. 
Try 0.77 and find: 


Variable 0.770 0.775 
—0.019 

0.321 

—0.059 


These results are close the accuracy the data justifies; therefore, 
with 0.775 and 0.321, and are found from the formulas— 


75,000 


be, respectively, 0.77 


2,240. 


the Stresses Member with Both Tensile and Com- 
pressive Reinforcement Subjected Simple member in. 
wide and in. deep subjected bending moment 300,000 in.-lb, the 
reinforcement consists two 1-in.-square bars tension and one 
bar compression; the embedment the steel in.; find and f,. 


C/B and 


Example this problem must solved assuming tentative values 
and The variable always positive; therefore, when also 
positive and, when andC are equal, the value kisratherlow. Tryk 0.3; 
from Fig. noted that would unreasonably large. Therefore, try 
0.40; from Fig. find 0.182 (C-scale produced); and from Fig. 
find 0.194. Then C/B 0.94. 

Try 0.38 and find 0.194; 0.184; and C/B 1.05. 
apparent that must about halfway between 0.38 and 0.40 0.39; thus: 


Ne’ 
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usually not necessary compute f’, because its value always less 
than fe. 

From these examples apparent that these nomograms can used for 
any problem either bending and direct stress simple bending rec- 
tangular sections reinforced concrete, and they are believed have con- 
siderable merit comparison with other methods current use. 


APPENDIX DERIVATION BASIC FORMULAS 


the derivation the two fundamental formulas which Figs. and 
depend, the accepted theory reinforced concrete adhered without modifi- 
cation and the nomenclature standard and well known.? From the condi- 


tion for static equilibrium, taking moments about the tensile 


which may written 
From the condition that 
d’ 
which may written 
a’ 


Subtract Eq. from Eq. 


*“*Bending and Direct Stress in Reinforced Concrete,” by W. P. Linton and Thomas P. Revelise 
Roads, October-November-December, 1943, 268, Eqs. and 


4 
4 
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From Eq. 


T , 


From Eq. 11, 


and, from Eq. 13, substituting from Eq. Ic, 
k 1 1 


APPENDIX II. CONSTRUCTION NOMOGRAMS 


nomogram can constructed for any formula containing four variables 


are two functions and 


Eqs. may written follows: 


and 


***Handbook of Mathematics for Engineers,”” by Edward V. Huntington, McGraw-Hill Book Co., 
Inc., New York, N. Y., 1st Ed., 1918. 


qd’ 
From Eq. 12, substituting from Eq. 
p 
1....(16a) 
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Eqs. 16a and are both the same form Eq. and from them the two 
nomograms for and (Figs. and were constructed. Eq. 16a, and 


and 


construct the nomogram for (Fig. from Eq. 16a draw pair 
axes, and through the point draw third axis parallel the y-axis 
which may called the The z-axis and the y-axis need not 
right angles, but the z-axis may sloped any 
angle desired shown Fig. 

The y-axis will ultimately become the B-scale 
and y’-axis will become the Therefore, 
choose unit for such that the B-scale and the (p’ 
n)-scale will the desired length. 

points straight line which the z-axis. (The 
z-axis not shown the finished nomogram.) 
this case, since always positive and 
always negative, the height the nomogram would 
have high the sum the extreme values and nif the z-axis 
were made horizontal. Therefore, desirable slope the z-axis that 
the lowest point the y’-axis (the maximum value will about 
the same level with the lowest point the y-axis. 

Next network curves drawn plotting the points: 


y=0) 


and 


This can always done giving one the variables (say, successive 
constant values (0, 0.1, 0.2, 1.0) the equations, and plotting the 
for each the constant values Each curve thus plotted marked 
with the appropriate value and each point plotted for each r-curve 
marked with the appropriate Then the corresponding values 
are connected smooth curves and each curve marked with the appropriate 
value 

However, many cases, possible eliminate either from Eqs. 
18a and and obtain one equation containing only and and 


from which one family curves can plotted 


| 
| 
{ 
‘ 
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this case substituting the values and from Eqs. 
and Eqs. 18a and there results 


plot 
gra 
The ratio may eliminated from 19, giving 
from which the k-curves may easily plotted. apparent from 
that the k-curves are all straight lines passing through the point 0); the 
The can then plotted giving successive constant 
Next the B-scale constructed plotting the values along the 
y-axis and the (p’ n)-scale constructed plotting the values along the 
The z-axis then erased and the nomogram (Fig. for the 
variables and Eq. 16a completed. When any three the 
four variables are known, the fourth can found immediately. 


The nomogram (Fig. for the four variables pn, and 
Eq. constructed similarly. this case, 


z= 


and 


t= 
2 


9a) 


9b) 
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Eliminating d’/d from Eqs. and 20d, 


The k-curves plotted from Eq. are straight lines. The (d’/d)-curves are 
plotted from Eq. 20d. 

The two nomograms for and can used without the nomogram 
Fig. but will noted that Fig. very useful finding the most eco- 
nomical values 

designing the reinforcement only two the four variables each nomo- 
gram are known—that is, Fig. and d’/d are known whereas and 
are unknown; and, Fig. and d’/d are known whereas and are un- 
known. 

some cases the value the value may fixed other 
considerations, such the use the same bars those another section. 
that case the steel one face then the value cam found from 
the known percentage steel and that value used finding the unknown 
percentage. 

neither nor known, either one them may assumed and the 
other may found after determining from the assumed percentage; but this 
procedure will require several assumptions and trials before the most economical 
satisfactory combination obtained. 

obviate the assumptions and trials, Fig. was devised give the value 
were added together, giving 


Eq. was differentiated with respect and the derivative placed equal 
zero, from which the equation— 


—was obtained and was written 


0); 
)a) , 
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which, simplify typography, 


which the same form Eq. 15. Eqs. also represent the form desired 
for the construction Fig. which was drawn manner similar that 
used for Figs. and although this case impractical eliminate either 
from the equations for and corresponding Eqs. 20c and 20d. 
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DISCUSSION 


Barron,* ASCE.—One the important features the nomo- 
grams this paper the fact that they contain only nondimensional quantities 
which permit their use, without adjustment, either the metric the English 
system units. Because this nondimensional property, the nomograms 
are universal that they can used for any specification, any combination 
stresses, any arbitrary concrete strength, and any embedment reinforcement. 

For several years, the writer has used nomograms® Henri Dumontier 
virtually identical these for the review arch sections; but for the design 
the sections other methods are usually preferred which not require tables, 
charts, diagrams. 

Fig. particular interest, that shows the minimum amount steel 
reinforcement (tension steel plus compression steel) required for the design 
concrete section subjected combined bending and direct stress. This nomo- 
gram, well the others, based the straight-line theory, and currently 
the plastic indicates that stronger structure results when part the 
reinforcement intended compression steel used additional tension re- 
inforeement—because the redistribution stress resulting from plastic yield. 

interesting and enlightening problem presented follows: 


The cross section in. in., subjected moment 35.6 kip-ft 
and direct thrust kips; depth in. The specifications permit: 
0.1573 and 0.0002. Using Fig. with these values and 0.357, 
the solution not apparent. From direct design method the follow- 
balanced section with the full allowable stresses—k 0.357; 0.881; 

832 


Therefore, this section, subjected the designated stresses, requires ten- 
sion reinforcement and compression reinforcement. should noted that 
the thrust considerably outside the middle third the section and that, for 
uncracked section design, tension greater than 200 per in. indicated. 
The paradox becomes more complicated the embedment the foregoing 
problem instead 3in. With increased depth the required tension 
steel changes from zero 0.2 the embedment increased in., 


Structural Design Div., Clarke, Rapuano Holleran, New York, 


*“*La Technique des Travaux,” by Henri Dumontier, Société des Pieux Franki, Liége, Belgium, 
1928, pp. 135-146. 


“Plastic Theory of Reinforced Concrete Design,” by Charles 8S. Whitney, Transactions, ASCE, 
Vol. 1942, 251. 
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tension steel required, but compression reinforcement necessary. This 
appears another defect the straight-line theory, and similar results will 
obtained frequently for sections that have values equal approach- 
ing zero. Eq. lc, the quantity brackets approaches zero when e’/d ap- 
Since the compression bar Fig. replaces equal area concrete, 
usually ignored for practical simplification the derivation the equations 
and construction the nomograms. simple procedure use the nomo- 
grams shown and apply correction the area compression steel. 
Mr. Dumontier introduced two nomograms similar Fig. which the writer 
considers more convenient arrangement and scale layout. these nomo- 
grams the paradox demonstrated the foregoing example falls outside the 
range and the designer cannot misled. The unusual case requiring special 
consideration brought forcefully the attention the designer. 
The author commended for very clear presentation and for making 
these nomograms readily available the profession. 


ASCE.—Mr. Linton has certainly performed valu- 
able service for the designers reinforced concrete structures who have the 
problems designing for bending and direct stress, who use steel com- 
pressive reinforcement. The labor expended the author the preparation 
his nomographic charts undoubtedly enormous. has saved each indi- 
vidual using them corresponding amount time. 

all the more regrettable, therefore, that did not take into considera- 
tion the fact that both the Joint Committee Standard Specifications for 
Concrete and Reinforced and the American Concrete Institute 
the latest design have given consideration the fact that the 
modular ratio the compression side varies from that the tension side 
concrete member reinforced for compression well tension. The regulation 
adopted both these bodies based the assumption that the value 
(the modular ratio) for compressive reinforcement double the value used for 
the tensile reinforcement. This assumption was adopted because the low 
stresses which compressive reinforcement was subjected under the old 
assumption uniform both sides the neutral axis the section, and 
was the result test made large size columns the University 
Illinois, Urbana. 

Under the old provision, compressive reinforcement 3,000-lb concrete, 
the modular ratio (in tension) which assumed 10, would stressed 


in., the stress the compressive steel will 1,000 10—which 


Concrete Engr., D.L. W.R.R., Hoboken, 


Practice and Standard Specifications for Concrete and Reinforced Conerete,” 
Proceedings, ASCE, June, 1940, Pt. 2, p. 45. 


* Journal, A. C. L, June, 1945, p. 582. 
Bulletin No. 40, Univ. Illinois, Urbana, Ill., June 1934, 86. 
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somewhat more than 7,000 per in., somewhat less than one half the 


stress capacity the steel. However, the value for the compression side 


ch- taken double that tension, the compressive reinforcement will 
stressed about 16,000 per in., taking advantage the full capacity 
the steel compression. 
The writer appreciates the fact that the basic formulas will have 
modified both for the location the neutral axis and for the resulting per- 
centages steel reinforcement and Eqs. 14. However, since and 
ons are not affected, the variation not quite serious otherwise would be. 
eel. compression will generally adopted since will result marked saving 
iter the reinforcement required compression. 
Such percentage saving certainly worthwhile even the expense 
the considerable design calculation labor. This saving will about 50% the 
cial position the neutral axis but slightly affected this change the modu- 
lar ratio. 
and and the addition one nomogram for determining and make 
alu- the set nomograms presented this paper excellent design tool. 
the The moments used Eqs. and are taken about the positive and 
negative reinforcement, respectively. The equations can simplified 
restatement: 
ndi- 
for 
tion Kine ASCE.—The nomograms presented Figs. 
and are considered decided improvement over the numerous diagrams 
usually included treatments this topic. conservation space im- 
portant, only Figs. and are necessary, the economical balance tension 
and compression steel may determined and try” method similar 
that proposed for checking stresses. However, the inclusion two addi- 
tional nomograms would furnish direct for checking stresses for 
ete, designing with equal steel the tension and compression face. 
The utility Fig. somewhat diminished the recent tendency 
consider that initial compression reinforcing steel introduced shrinkage 
the concrete. The 1949 edition Specifications for Highway 
the American Association State Highway Officials provides for 
doubling the stress and the resisting moment the compression steel over 
rete,” 


Cons. Engr., Houston, Tex. 
Senior Highway Bridge Engr., Public Roads Administration, Denver, Colo. 
Specifications for Highway A.A.S.H.O., Washington, C., 1949. 
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that calculated former methods. 


comply with this provision, let 


for Figs. and The minimum total steel area for this condition would re- 
quire the revision Eq. and the redrawing Fig. 

Figs. and present quick solutions Eqs. and 13, respectively. Some 
values and d’/d produce rather vague readings np, merely 
indicating that the particular value contributes very little the 
resistance the section. might mentioned that, the value obtained 
When less than the value for balanced design (usually about 0.33), the value 
obtained Fig. will cause overstress the tensile steel. For this 
condition the approximate formula, 


usually will suffice. 
Fig. represents the expressions: 


and 


thus providing solution for for investigating checking known section. 


the factor may vary from infinity, the value used when 


less than unity and the inverse factor used whene’ When 
, 


(29a) 


and, when then 1.0, and 


o 
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Dnp =1.0 0.118; and Fnp’ 0.075 0.029. 


scale and d/e’ 0.632 read 0.47. 
There are occasions when desirable use equal steel the tension 


and compression faces. Fig. nomogram for the equation: 


which compute the values for this condition. Fig. drawn for 

the aforementioned new provision that Compute and 

from Eqs. and respectively. Compute and C’=C Join 


possible plot nomogram that the intersection line joining B-value 
scale with C-value scale will show d’/d the chart, but 


certain positions there confusion between the k-lines and the the 


chart, making difficult obtain satisfactory reading. this reason, 
the somewhat longer method illustrated was preferred. 

Figs. and are reproduced comparatively small scale. Drawn 
larger size with additional subdivisions the scales, quite satisfactory readings 
may obtained from either nomogram. 

conclusion, the writer believes that the author has made presentation 
valuable all designers who are interested obtaining economical com- 
pression members reinforced concrete. 


Haver.'*—The nomograms presented the author for the de- 
sign and the analysis rectangular reinforced concrete sections subjected 
combined direct stress and bending have the interesting feature being based 
upon the quantities and which are the two moments the axial force 
about the center lines the tensile and the compressive reinforcements, 
divided 


Structural Engr., Albert Inc., Detroit, Mich. 
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The advantage this particular choice readily explained the facts that 
the tensile reinforcement independent and that the compressive 
ing independent This makes possible split the representation 
the functional relations between the six quantities and d’/d 
into two separate parts, the author has done nomograms and 

The same simplification was utilized before Moersch" his textbook 
concrete. Although Mr. Moersch uses different charts for 
different ratios his representation, the writer’s opinion, superior 
several other respects. The two parts showing the tensile and the compressive 
reinforcements, respectively, are placed opposite each other such manner 
that not only can each these reinforcements read glance but also 
can theirsum. addition, this arrangement eliminates the need for special 
chart for determining the value which the total reinforcement becomes 
minimum, and also solves the problem finding the reinforcement the case 
predetermined ratio. Such case (for instance, symmetrical reinforce- 
ment required) could solved with the author’s nomograms only 
somewhat cumbersome cut-and-try process. 

may interest mention that nomograms and can used not 
only compressive force, but also tensile force, provided that 
and denote the moments the axial force about the center lines the 
tensile and compressive reinforcements, respectively, divided For 
tensile force the variable becomes smaller than because tensile and 
compressive reinforcements are interchanged. 

the other hand, regrettable that the author did not extend the 
nomograms far enough cover the range small eccentricities, which, 
least building design, the case most often encountered. Another short- 
coming that the value must known, order use the nomograms 
design; but most building codes now make the allowable concrete stress 
function not only the relative eccentricity (which known from the data), 
but also the percentage is, the very quantities 
which the design computation aimed. 

conclusion, the writer wants question some remarks made the 
that methods current use for the design reinforcement 
are useful mainly analyzing designs previously made, and that designing 
customary assume the amount reinforcement and then check the 
assumption. There are many more formulas, tables, and charts available for 
design than for analysis. The obvious reason that the design problem not 
only much more important practically, but also, because its very nature, 
much simpler than the problem analysis. the design based pre- 
determined stresses, the location the neutral axis follows from very simple 


formula, whereas the case analysis must computed from third-degree 
equation. 


ASCE.—The reception this paper, both the 
published discussions and personal correspondence, was gratifying the 


Eisenbetonbau,” Moersch, Konrad Wittwer, Stuttgart, Germany, 5th Ed., 
‘* Senior Highway Bridge Engr. (Retired), U. 8. Public Roads Administration, Philadelphia, Pa. 
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writer. The purpose the paper was reduce the labor involved the 
design and checking reinforced concrete sections subject bending and 
direct stress, while adhering the accepted theory reinforced concrete 
design. 

Mr. Barron presents example that tends show paradox the 
straight-line theory. The writer considered the straight-line theory the 
accepted theory and the nomograms were made accordingly. Mr. Barron 
also states (truthfully) that: 


“Since the compression bar Fig. replaces equal area concrete, 


Mr. Hirschthal writes: 


“Tt all the more regrettable, therefore, that did not take into con- 
sideration the fact that both the Joint Committee Standard Specifica- 
tions for Concrete and Reinforced and the American Concrete 
Institute the latest design specifications? have given consideration the 
fact that the modular ratio the compression side varies from that the 
tension side concrete member reinforced for compression well 
tension. The regulation adopted both these bodies based the 
assumption that the value (the modular ratio) for compressive rein- 
forcement double the value used for the tensile This 
assumption was adopted because the low stresses which compressive 
reinforcement was subjected under the old assumption uniform 
both sides the neutral axis the section, and was the result test ob- 


made large size columns the University Illinois, 
Urbana.” 


What Mr. Hirschthal states true, but not regrettable one might, 
first, think, because would make change Figs. and except the 
label the (p’ n)-scale. Those nomograms can used they are simply 
giving any value desired The value used Fig. need not 
the same the value used Fig. Mr. Hirschthal’s suggestion would 
make Fig.1. stated, Figs. and can used they are with 
the understanding that may have different values the two nomograms. 

Mr. Burghardt proposes two additional nomograms, Figs. and The 
writer believes that Fig. the nomogram for finding given section, 
very useful and desirable addition. Although the stresses given section 
can checked Figs. and alone, done the paper, the direct method, 
using Fig. now seems the writer more desirable. Fig. the 
nomogram for equal steel tension and compression, will useful (as stated 
Mr. Burghardt) some cases. 

Mr. Hauer calls attention other which his opinion are superior 
several respects. The writer cannot comment them because has not 
seen them. Mr. Hauer also feels that: 


regrettable that the author did not extend the nomograms 
far enough cover the range small eccentricities, which, least 
building design, the case most often encountered.” 


That the case which there tension the concrete, and the solu- 
tion that problem not difficult other methods, where there 
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tension. However, would desirable have that case covered 
nomograms. 

conclusion, the writer believes that nomograms, general, are very 
useful and can, and should, used much more extensively than they have been. 
some cases more difficult construct nomogram than diagram, but 
when constructed, the nomogram more easily used and more variables can 
provided for. 

After considering all the discussions, the writer the opinion that 
and (with the the (p’ Fig. changed n’) together with 
Mr. Burghardt’s Figs. and make very useful and convenient tools for the 
purpose for which they were intended. 

The writer wishes thank all those who have taken interest the 
paper. 
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Paper No. 2393 


CITIES CANNOT LIVE WITHOUT TRUCKS 
Hoy STEVENS? 


All goods commodities purchased tht American people for personal 
use travel motor truck some stage, and usually during many stages, 
their journey between the original raw material producer and the ultimate 
consumer. Any apparent exceptions are goods, materials, machinery for the 
use intermediate industries that either fabricate transport consumer goods. 

reminder the way which trucks have been intimately woven into 
the economic pattern, some the uses trucks cities include: 


Delivery goods and commodities (a) from retailers ultimate con- 
sumers; (b) from warehouses wholesalers, retail outlets, other users; 
(c) from producers and manufacturers wholesalers retailers; and (d) and 
from the collection depots long distance carriers (such highway motor 
truck terminals, railroad terminals, air cargo carrier airports, and steamship 
docks). 

Transportation the service employees utilities and other service 
industries that help make our cities livable and efficient—for example, the 
Bell Telephone System uses more than 18,000 trucks maintain its service. 


History 


order give more specific idea the importance motor trucks 
city, some the data from report? comprehensive study made 1945 
the flow truck traffic and out Chicago are presented. Data from this 
study and report, prepared the Illinois Highway Traffic Advisory Committee 
the War Department, indicate the huge volume goods which must 
handled daily over the streets Chicago order meet the needs the 
community. states part: 


“The role played highway transportation war production was only 
extension its service the pre-war industrial economy, service which 


Nore.—Published in December, 1948, Proceedings. Positions or titles given are those in effect when 
the paper or discussion was accepted for publication. 


Equipment and Operations Section, Am. Trucking Assns., Inc., Washington, 
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TRUCKS 


without doubt will further expanded post-war years. The trucking 
industry today employs about 4,000,000 people the United States. 
Scarcely item commerce produced which not dependent some 
point motor transportation. Trucks traveling highways are the 
sole means freight delivery over 54,000 small 
Table taken from the Chicago report, shows the tons freight carried 
daily into and out the Chicago area various types vehicles and 
different types operators. all, 32,000 truck units carry 80,774 tons 

“About ten percent these (5,000 single unit) carrier-operated trucks 
have origin destination transportation terminal. From data 
origin-destination, these trucks appear engaged the complicated task 
distributing the necessities life throughout the primary trade areas, and 
transporting the goods the region between numerous warehouses, 
wholesale stores, retail stores,etc. over-the-road motor carrier appears 
use the single unit trucks largely for the local distribution goods. 

“Of the 6,300 combination units operated daily into and out Chicago, 
approximately 1,800 have definite origin destination both trans- 
terminal, and some 1,800 more have origin destination 

warehouse, which certainly would include characteristics 
freight terminal. These vehicles operate into rail-truck interchange 
terminals, motor-transport terminals, and, minor extent, into air 
terminals. not possible estimate the tonnage freight delivered 
these various types terminals from the traffic data alone; but esti- 
mated that, the 50,000 tons freight handled daily into and out 
Chicago, least two fifths, 20,000 tons, destined for motor transporta- 
terminals for local delivery, for interchange with other motor carrier 
ines. 

“Of the 50,000 tons freight being dispatched daily, about 30,000 tons 
(estimated various trucks 55% 70%) handled directly from the 
shipper’s the consignee’s docks full truck loads, and without having 
been first unloaded terminal dock for distribution.” 

Type vehicle 

This information not only shows the essential daily truck needs city but 
also indicates the enormous traffic problem which such vehicular flow presents. 


Before considering possible remedies for congested street conditions, would 
well analyze critically some the fallacies that have crept into popular 
thinking regarding commercial motor vehicles. Too frequently 
thinking about traffic cures overlooks two basic facts: That large American 
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communities could not exist without modern truck transportation, and that 
the volume truck freight large and important that must moved 
continuously and during the regular working hours business establishments. 
One comment frequently heard “great big Actually, far 
frontal width concerned, none the regular goods-carrying trucks are larger 
than other vehicles which are accepted the highways—namely, vehicles used 
the public transportation passengers. Large straight trucks are bigger 
than large buses trolley coaches, whereas tractor-trailer trains are comparable 
streetcars. Admittedly, van-type trucks frequently are higher than other 
vehicles the road, generally from 124 ft, but the height the vehicle 
has nothing with the area occupies travels through the streets. 
The trucking industry prefers use large units because they are most eco- 
nomical and most efficient. the last analysis, the customer prefers the most 
efficient vehicles. However, may desirable define small trucks 
size. will doubt agreed that will require least small van 
trucks take the place large van trailer. Certainly, substituting 
small vehicles for large vehicle will not improve traffic situations. The 
Chicago data estimate that 30,000 tons daily were handled directly from ship- 
pers’ docks consignees’ docks full truck loads without having first been 
unloaded the carriers’ docks for distribution small trucks. thinking 
remedial measures, must not assumed that the use city delivery 
trucks place large efficient van remedy for traffic congestion. 


CoNGESTION 


The American Transit Association has made available some data regarding 
the interference trucks with the buses, trolley coaches, and streetcars 
urban public transportation companies. This information thought 
particularly valid indication conditions city streets because the 
public transportation companies have regularly scheduled operations over the 
city streets and are thereby more quantitatively able judge actual inter- 
ference. Two the questions asked the local transportation companies 
questionnaire circulated June 21, 1946, were: 


Are your vehicles being delayed and your schedules disrupted trucks 
loading and unloading the streets? and 

How’serious the situation caused the trucks; that is, how would you 
rate vehicle blocks due trucks among the factors responsible for 
delays your vehicles? 


recapitulation the replies from the various companies shows the an- 
swers the first question be: Yes, 21; slightly, no, 
the second question were: Minor problem, 29; serious problem, 10; coal trucks, 
and double parking, 

The purpose presenting these data merely emphasize the point that 
far these regular and mature users the streets are concerned, trucks 
are part the traffic problem, but definitely are far from the major cause 
traffic delays. 
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UNSATISFACTORY EXPEDIENTS 


From New York, Y., which has almost reached the ultimate traffic 
loads with little possibility doing anything but keeping even with its prob- 
lems, come the following comments (from the special inquiry service the 
American Transit Association), which are thought significant: 


“Various experiments traffic regulations have been made. 
example, effective October 1945, the police department prohibited parking 
along 34th Street between Second and Ninth Avenues from 7:00 A.M. 
7:00 P.M. daily except Sundays. Prior this prohibition some week-day 
service the 34th Street route was considerably behind schedule. Within 
few days thereafter, schedules were fairly maintained. However, the 
months following the parking restrictions, the volume moving vehicular 
traffic along 34th Street has increased such extent that the benefits 
accruing from the parking regulations have largely disappeared. Coach 
service along 34th Street again operating behind 

Contained also these comments are some replies from cities where other 
expedients had been tried. For example, night deliveries were suggested, but 
labor organizations oppose them because their members not want work 
nights. Businessmen oppose night deliveries because they would have 
maintain night force and because their establishments would more vulner- 
able robbery and theft when opened for night delivery. 


There doubt that trucks rest while being loaded and unloaded 
problem. How can this loading and unloading situation remedied? 
far can seen matter off-street loading areas. This idea not 
new, but this seems the most feasible answer. The common carriers have 
load and unload their shippers’ and receivers’ facilities. The private truck 
operator has some choice his own loading space facilities, especially owns 
the plant building. Tenants buildings may have less choice. Funda- 
mentally, the problem standing trucks for loading unloading matter 
building design and all truck operators will welcome any efforts convince 
plant and building owners that sound business for them provide ample 
off-street truck loading areas. 

The earliest ordinance requiring off-street loading facilities for industrial 
commercial buildings dates back June, 1931, Pueblo, 1946, 
zoning ordinances twenty-one cities required retail stores and wholesale 
houses furnish adequate off-street loading facilities. Twenty cities require 
industrial buildings furnish off-street loading facilities. Seventeen cities 
have this requirement for office buildings. 

city has passed retroactive ordinance which would compel the instal- 
lation off-street loading facilities buildings already existence the time 
the ordinance was passed. However, one city (Greenville, C.) has set 
period eighteen years from the date the ordinance during which the 
building may continue exist without conforming the ordinance. num- 
ber cities now provide that, building substantially altered repaired, 
the off-street parking loading provisions must complied with. 


Applied McGraw, Jr., and Wilbur Smith, Quarterly, The Eno 
Foundation for Highway Traffiic Control, Inc., Saugatuck, Conn., January, 1947. 
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Different thinking needed what can may done regard off- 
street loading. Why necessary continue think that alternate routes, 
overhead routes, and by-passes must built permit industrial areas 
continue their motley array curbstone loadings? Consider what the result 
would overhead roadways were built over commercial streets. Actually, 
off-street truck loading areas would provided the curbstones the lower 
street the extent each building’s front footage. This arrangement still 
might not provide adequate loading areas for certain buildings and might pro- 
vide too much for other buildings. addition, the overhead road structures 
would depress the value the buildings the detriment their owners, and 
depress the tax values the buildings the detriment the community. 


Amount LOADING AREA 


The several ordinances regarding off-street loading facilities are based 
three general premises. Some prescribe loading spots based the gross floor 
area the building, others prescribe certain minimum space between alley 
and the rear the building, and others merely prescribe reasonable adequate 
facilities not interfere with traffic. Obviously, before any sound devel- 
opment off-street loading can had there need for formulas which 
reasonable adequate facilities can estimated. 

The New York Regional Plan Association‘ gives sliding scale for use 
computing the required number truck berths, the number loading areas 
being based the gross floor area for two types building—office buildings 
and hotels and buildings for manufacturing, storage, and similar facilities. 
may that loading area formulas based floor area are types which can pro- 
duce reasonably consistent results. However, any formula based floor area 
overlooks one fundamental—namely, that the trucks move goods and not floor 
area. Truck loading area requirements should based the volume and 
tonnage freight moved into and out building. 

The American Trucking Association engaged study loading plat- 
form areas with reference the tonnage freight handled. This study, also, 
considering the areas required for efficient manipulation vehicles front 
the loading area. The material not complete, but some estimated values will 
indicate the type coefficients that may developed. When available the 
results this study should real assistance city planning. 

For rapid and efficient manipulation commercial vehicles when they are 
backed against dock for loading unloading, the open area between the 
edge the loading platform and the outer edge the manipulation area should 
approximately twice the length the vehicle. This manipulation area may 
wholly within the building, the outer half may part alley 
street. heavily traveled streets all the area obviously should within the 
property lines. Along the edge the dock from should allowed 
per vehicle. These dimensions will permit expeditious backing trucks into 
loading stalls. 

major importance speeding the loading and unloading commercial 
the size the dock area adjoining the trucks. some extent, the 


4 Me oy and Parking Study,” New York Regional Plan Assn., Inc., New York, N. Y., December, 
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dock area necessarily will dependent material handling equipment and 
for transporting the freight between the loading dock and the 
more permanent storage area the commodities being received shipped. 
Sufficient area should provided the dock for the truck load accumulation 
outgoing shipments for the truck load receipt incoming shipments with- 
out the necessity moving the freight from the dock while the truck 
held the dock. 

Based the experience the trucking industry, necessary that the 
dock area least twice the total body floor area the largest number 
trucks that can docked one time. This logical conclusion when 
realized that freight average density (from per per ft) 
usually piled between and high the truck, transported and 
from the truck two-wheeled hand trucks handling height stock from 
ft, and seldom tiered the loading dock; hence, allowing for aisles 
which the hand trucks can operate, the required dock area least twice the 
floor area the vehicles the dock. 

With such dock area would possible accumulate entire outgoing 
load for vehicle—and receiving section have enough area upon which 
unload entire vehicle—opposite each loading spot. Even with dock areas 
this size ratio will still necessary transport the freight promptly and 
from the dock and building order make continuous use the truck berths. 
loading dock used storage area even more space required. 
Final formulas will more specific than this, but this value indicates the 
basis present thinking. 

the case loft buildings, elevator service for the upper floors will 
great factor determining dock area. Freight placed elevator seldom 
tiered; hence, calculations elevator size may made area basis 
determine elevator requirements. 


CoNCLUSIONS 


Because cities cannot live without trucks, the duty the communities 
plan for provide facilities that will reduce the truck factor traffic con- 
gestion for the benefit all vehicular movement, including trucks. The 
trucking industry definitely interested remedies that will reduce traffic con- 
gestion and will improve facilities shipping and receiving establishments for 
loading and unloading motor trucks. The business that industry moving 
goods and commodities, and trucks make money when delayed traffic 
when hindered loading unloading. 

Individually, well industry, truck operators are becoming more and 
more interested problems traffic well problems loading and un- 
loading trucks curbs. The state trucking associations and their members 
are cooperating local studies traffic, zoning, and freight handling facili- 
ties cities where street traffic conditions are unsatisfactory. believed 
that the truck operators have developed sound experience regard the 
handling general freight. The dock facilities that they have found efficient 
should give adequate data for shippers and receivers. When the data are 
complete, planned pass this accumulated experience the form 
specific recommendations regarding loading docks for use with motor freight 
vehicles. 
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DISCUSSION 


ASCE.—The timeliness this paper lies the fact 
that stresses the importance truck traffic urban areas, and the impor- 
tance handling such traffic that may move expeditiously without ham- 
pering the other uses city streets. Any prosperous city must have healthy 
industrial and business areas, and these require intensive truck services. the 
author states, this requisite calls for not only sound street planning, but also the 
design buildings and industrial areas for the motor age, with facilities for 
off-street loading and unloading. Although, some extent, such facilities can 
required under municipal ordinances, adequate provision will part remain 
dependent the architects who design the structures, the engineers and city 
planners who lay out the street system, and the executives business and 
industrial concerns whose cooperation essential. 

Truck Versus Passenger Car wide variation the per- 
centage trucks total vehicles highways the United States—not only 
regard the highway, but regard the time day, day the week, and 
season the year. arterial routes the number trucks will ordinarily com- 
prise from 25% the total vehicles; some the bridges New York 
City this value reaches 35%. the interstate crossings operated the Port 
New York Authority trucks average approximately 20% the total traffic. 

the 1920’s, when the modern parkway systems were being developed, 
stress was laid the need express routes for passenger cars. was assumed 
that trucks, being slower vehicles, could get along ordinary streets where they 
would find plenty room when some the passenger cars had been diverted 
parkways. The parkway program has encouraged the use more passenger 
cars but has not solved the movement trucks, many which are now capable 
traveling speeds comparable those passenger cars. Looking forward 
1927 the need for better routes for trucks, the Engineering Division the 
Regional Plan New York (N. Y.) and Its Environs stated that, addition 
the restriction certain routes passenger vehicles, was probable that: 


there will eventually have highways which are intended for 
trucks only, and which passenger vehicles would either naturally avoid 
from which they would 


Limited access highways available for all types traffic provide equal 
facilities for trucks and passenger cars. The writer believes that most the 
expressways built the future will this type. However, they should 
supplemented parkways through suburban sections metropolitan areas 
and along scenic routes. Perhaps, some day, certain highways will reserved 
for trucks during the weekdays. 

Compulsory Off-Street provision off-street loading and 
unloading facilities not only should required new buildings exceeding 


* Coas. Engr. and City Planner, New York, N. Y. 
Vol. ‘‘Regional Survey New York and Its New York, Y., 
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specified minimum floor area designed used for such purposes—manufactur- 
ing, offices, hotels, require service large numbers trucks, but also 
should made retroactive for buildings the same types. Such retroactive 
provisions were recommended 1942 the Regional Plan Association, Incor- 
porated, its study traffic and parking New York City.’ This 
dation was based observation the extent which such facilities had been 
voluntarily installed, and suggested five-year period for compliance. 
essential part any such regulation would provision for variance cases 
where undue hardship would result. The Regional Plan Association recom- 
mended the following provision cover such cases: 


due unusual shape the lot structural features the 
building, the Board Standards and Appeals shall determine after public 
notice and hearing that these provisions cannot reasonably complied with 
the owner, that Board may approve such alternative provisions for truck 
loading and unloading deems suitable and adequate prevent the 
creation serious traffic congestion such loading and unloading opera- 
tions. 


Such retroactive provisions, effective within period from five years 
ten years, have also been suggested Nathan ASCE. 
main highways outside central business districts, municipalities, through their 
police powers, may require substantial setbacks for industrial buildings well 
the provision adequate loading and unloading spaces which, most cases, 
can then provided the open spaces the lot. 

The writer agrees with the author that there need for better designed 
industrial districts served streets one level rather than for elaborate 
systems two-level streets. Nevertheless, some the older intensively 
developed districts may necessary provide two levels, has been done 
Wacker Drive and part Michigan Avenue Chicago, and the 
west side Manhattan New York City, with elevated highway for 
passenger vehicles. 

Formulas for Off-Street Loading and Unloading Areas.—Any formula for 
off-street loading and unloading area incorporated municipal ordinance 
must set the minimum requirement for certain types buildings. The writer 
questions the feasibility the author’s suggestion (see Off-Street 
Loading that such requirements should based the volume 
and tonnage freight moved into and out building.” These factors 
will vary with the type occupancy. Any buildings that will have exceptionally 
heavy truck service should provided with more than the minimum legal 
requirements. the city supplements its off-street loading requirements with 
regulations street use prevent the abuse curb side space, this result 
should obtained. 

the Regional Plan Association study 1942,’ was shown that many 
cases structures within this exceptional classification had voluntarily provided 
much more than the minimum off-street space which would required under 


and Parking New York Regional Plan Assn., Inc., New York, December, 1942, 
pp. and 138. 
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the regulations proposed. For example, large department store New York 
City had eighty-five off-street loading berths comparison with the minimum 
twenty five which would required for building the same size for 
manufacture, storage, goods display, for department store, for hospi- 
tal.” Again, the underground truck berths the Rockefeller Center group 
office buildings New York City had forty loading berths against the twenty 
two that would required for similar floor area for office purposes 
for hotel supplying full facilities for transients.” 

The sliding scale used the Regional Plan Association for computing the 
number truck berths, referred the author (‘‘Amount Off-Street 
Loading was based probability tables used the American 
phone and Telegraph Company determining the number trunk lines 
necessary under different loads avoid keeping customer waiting too long 
make his connection. was developed under the assumption that truck out 
might have wait for one eighth the average loading 

The minimum sizes buildings that should come under such compulsory 
loading space restrictions will vary with the size and character the commu- 
nity. New York City the minimum size for buildings under the present regu- 
lations 25,000 gross floor area. The Regional Plan New York and 
Its Environs recommended that such requirements apply loft, department 
store, office buildings having 8,000 more square feet, when located 
“close suburban intermediate several ordinances for small 
communities minimum size building specified but the amount off- 
street space required determined the zoning board appeals. 

Smaller buildings established centers must continue served curb 
side space, but cities should forbid the use sidewalks for the storage and 
classification motor truck freight. This regulation would require owners 
provide adequate ground floor storage and elevator service upper floors for 
such freight. 

Supplementary Types the other types regulations 
which cities may enforce relieve street congestion trucks are: 


Keep large trucks handling less-than-truck-load shipments out con- 
gested business areas the provision union, intercity truck terminals where 
their freight will sorted and reloaded smaller vehicles for delivery. The 
same procedure reverse would apply pickups. Two such terminals the 
New York metropolitan area were under construction the Port New York 
Authority 1949. 

Limit the hours for pickup delivery truck-load lots congested 
business areas. This would not necessarily require night service, but might ban 
any service during the heaviest rush-hour periods. 

Designate certain streets central business areas for the routing 
trucks desiring pass through such areas without pickup delivery. 


and Parking New York Regional Plan Assn., Inc., New York, Y., December, 
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against any restrictions the operation intercity motor trucks within city 
limits, the author presents certain statements basic facts which, the writer, 
seem need supporting evidence. The first such statement (see heading, 
“Fallacies Thinking About that: large American com- 
munities could not exist without modern truck transportation.” However, 
the City New York (N.Y.) had population 4,766,883 1910 when there 
was modern truck transportation. this same date considerable number 
other American communities could also properly classified None 
them found impossible nor would large communities today find 
impossible dispense with motor trucks, although they would consider- 
ably inconvenienced, particularly deprived the service small city- 
delivery 

This distinction between and “essential” extremely im- 
portant. The expenditure huge sums public money may justified 
create improved facilities for something essential existence when would not 
always justified create facilities for something that only convenience 
and advantage. 

second statement (also under the heading, Thinking About 
important that must moved continuously and during the regular working 
hours business Presumably Mr. Stevens means that 
restriction should placed the hours during which intercity trucks may 
move within the city. Since the maximum spread regular working hours 
business establishments any city would not extend beyond the 12-hour period 
from a.m. p.m., there remains another 12-hour period from p.m. 
a.m. outside regular working hours. When the author states that the volume 
heavy truck transportation large that must operated city 
streets during the daytime well during the night (when other traffic move- 
ment minimum), equivalent declaring that the virtually unre- 
stricted use roadway facilities for half the twenty-four hours insufficient 
accommodate all the truck traffic. The writer has never seen any statistics 
show that this theory true, and suspects that the motor truck operators 
would the first deny its truth they were asked pay taxes that basis. 
seems probable, therefore, that the real basis the author’s objection 
restrictions daytime operation that such restrictions would increase the 
cost truck operation rather than that facilities are inadequate. 

third statement (again under the heading, Thinking About 
made that: substituting small vehicles for 
one large vehicle will not improve traffic dispute the certainty 
that view, the author’s own data show that only 37% the tonnage 
Chicago, was handled unit, full truck loads. When delivering the 
remaining 63% the tonnage, the trucks were running partly empty most 
the time. Wherever traffic congestion exists, partly loaded truck represents 


waste valuable street space. Under such circumstances the use smaller 
trucks would definite advantage. 
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The most serious objection the use extremely large trucks the con- 
gestion they cause when making turning movements congested areas and 
when stopped angle the curb. such situations there can 
doubt that large truck does more create congestion than small 
trucks. This does not necessarily mean that the use large trucks never 
justified, but does mean that the use smaller trucks desirable under 
many circumstances. 

The author seems conclude that the duty the community 
provide such facilities that the truck operator can operate whatever kind 
vehicle wants whatever way wants operate it. ordinary 
citizen and taxpayer the community, the writer rejects the contention that 
the community has any such duty. 


Assoc. ASCE.—This thought-provoking paper touches 
feature city planning and building design which great degree, insuffi- 
cient attention given, because either the lack knowledge the problem, 
the barrier individual public opinion. Off-street truck loading takes 
considerable area and may entail serious encroachment the space available 
for the activity planned for the building. the duty the engineer 
architect, designing building, give the client structure that will serve 
his purpose efficiently the lowest possible cost. cases where legal 
provisions exist where the loading and unloading freight are major items 
the facility, the client likely regard these facilities necessary evil, 
and view with jaundiced eye any designs that add considerably the cost 
the structure, infringe what pleases call his 
This reaction especially true smaller industries businesses where the 
volume truck freight moved not large. Therefore, the designer 
faced with the problem convincing his client the “indirect benefits’’ in- 


volved adequate loading facilities, especially where they encroach measurably 


the available building space. Quite frequently the study and analysis re- 
quired demonstrate this fact are beyond the scope his organization, his 
fee, both. 

appears then that municipal control the form codes regulations 
the logical basic approach the problem. establishing such codes, city 
faced with two fundamental problems: (a) The establishment require- 
ments for construction areas yet undeveloped; and the establishment 
requirements for construction existing developed areas. Item offers 
full latitude for the development straightforward long-range planning. 
The solution for item (b), however, calls for bold and imaginative planning, 
coupled with intensive educational campaign convince the taxpayer that 
such measures eventually increase the economic health the community. 

The writer suggests that the first steps the development 
are zone the city into districts and study the type truck freight serving 
each zone. Such study should aim determining the average daily volume 
truck loadings and unloadings for range truck capacities based size. 
anticipated that this research would yield truck size that could 
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considered average for each zone, together with clue the average density 
loadings per enterprise, critical street, zone. 

From such data, combined with traffic counts, and growth-of-use forecasts, 
the planner would position weigh the necessity thoroughfare 
widening the zone, since this aspect intimately related the problem 
developing code for off-street loading facilities. 

Based such studies, code would contain the following provisions: 


Establishment revised property lines required, for all new con- 
struction; 

Establishment minimum off-street loading facilities defined 
back” distance from the street line, width unloading space either feet 
number berths, turnout radii the loading area, etc; 

Requirement that the construction plans submitted for approval 
appropriate engineering representative of, the city, together with 
engineering analysis anticipated volume and intensity freight 
handled and types trucks expected serve the facility, justification 
the loading facilities proposed for construction; and 


time limit years the expiration which all existing structures 
must modified conform the code. 


apparent that the optimum degree development any zone that 
stage which the interrelation between structure, truck sizes, and width and 
type the traffic artery such that the total combined annual charges for all 
phases minimum. Achievement this goal necessitates the introduction 
into the code restriction the maximum size truck that may per- 
mitted deliver freight any one zone. There limit how far city 
can designing its traffic arteries accommodate larger and larger trucks. 
appears that, planning, point can and must reached within which 
trucking industries can balance their fleets economically conform estab- 
lished reasonable zoning restrictions. 

Enterprises like character, and therefore with similar basic freight re- 
quirements, have habit choosing the same environment. Such develop- 
ment can observed many the larger cities. There strong possi- 
bility, therefore, that the studies outlined herein will indicate that great 
percentage the freight any zone handled within certain limiting truck 
size. such economic grouping exists, there reason why should 
paralyzed its development codes that impose restrictions structures 
but the same time permit unrestricted delivery trucks that are over- 
sized, not only for the type and the volume freight they deliver, but also 
for the streets upon which they travel. The writer has observed frequent 
instances large tractor trailers delivering small parts their loads con- 
signees. has not been possible judge the extent this practice, but its 
economics for intracity deliveries are seriously open question except where 
required the dimensional character the freight. 

the future development city and its trucking industries, this concept 
therefore implies greater development major “‘in transit’’ and 
freight terminals. implies also that trucking industries will forced 
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scrutinize carefully the composition their truck fleets with view deter- 
mining economic sizes and achieving proper relation numbers. 
possible that thorough study the problem along the lines indicated for 
any actual case will demonstrate the validity plan leading uniform devel- 
opment within the zones city. 

The author’s contention that criteria based solely general type 
enterprise space values are questionable guides fair one. The volume 
and the character freight moved and the intensity movement are 
more reliable 

The statement that the dock area must least twice the total body 
floor area the largest number trucks that can docked one time 
open question. Although may statistically correct many instances, 
this requirement may prove too rigorous. For instance, the writer has seen 
numerous cases government warehouses which not meet this criterion 
where the freight never stays the dock but handled rapidly and expedi- 
tiously fork-lift equipment which stocks its proper place without re- 
handling. This procedure especially applicable where the cargo all one 
type. The dock space requirements are intimately related the character 
and the method storage the structure. Its design, therefore, must rep- 
resent integrated step the space planning for the entire facility. 

The author states his conclusions that trucking associations are con- 
ducting studies this problem. The writer feels that such studies will 
great value the engineering profession and looks forward their publication. 


Hoy discussions Messrs. Lewis, Miller, and Nees indi- 
cate growing appreciation the problems commercial transportation 
urban communities. Because the significance commercial vehicles 
industrial cities, will require cooperative effort architects, builders, city 
planners, and truck operators each community develop realistic future 
plans. 

Mr. Lewis further stresses the need for formulas which off-street loading 
areas and truck berths for commercial buildings can determined. 
states, building’s use predominant factor the number truck berths 
required. More study and data are needed this subject. Also, calcula- 
ting off-street loading areas, consideration must given the size the 
vehicle that these docks. Currently there trend toward 16-ft 
bodies city freight delivery trucks. Generally these 16-ft bodies are 
mounted cab-forward types motor trucks, but the over-all length 
increased slightly. 

quick rule for width manipulation areas front dock that the 
area width from the dock the limiting boundary shall not less than twice 
the over-all length the vehicle. greater width makes for easier manipula- 
tion and backing into truck berths, and recommended. The same rule holds 
true for the longer combinations tractor semitrailers. 

regard his recommended supplementary type regulations, Mr. 
Lewis’ suggestions would not bar tractor semitrailer combinations from making 
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truck load deliveries. With this view the writer accord. general, 
congested areas most carriers find advantageous make less-than-truck- 
load “pickups and with city trucks, using only road semitrailers for 
truck-load movements. The economies these practices are readily apparent 
less manual handling the freight. 

Mr. Miller restates error that appears frequently many traffic surveys, 
when states that trucks are found partly empty while running the streets. 
This inevitably the case when the amount loading the trucks checked 
outlying survey stations. The only time city delivery truck making 
deliveries can full just when leaves the carrier’s terminal. From then 
becoming more and more empty makes deliveries. This must 
the case the truck makes deliveries. The contrary true with pickup 
truck collecting outbound shipments. this case the truck full only be- 
tween its last pickup stop and the carrier’s terminal. This partial empty 
phenomenon has been recorded many traffic surveys, and the incorrect anal- 
ysis the causes for the phenomenon have resulted very erroneous conclu- 
sions about city truck operation. 

Mr. Nees’ suggestion regarding code for off-street loading facilities indi- 
reasonable approach the problem, both regards new construction 
and old buildings. 

Mr. Nees’ objections the writer’s suggestion regarding the size 
loading dock further point out the interrelation between intrabuilding trans- 
portation facilities, such elevators industrial dock trucks, and dock areas. 
Since the dock area (even following the broad suggestions the paper) will 
less than the area required for the motor truck manipulation area, there are 
advantages dock arrangements (especially buildings) which will enable 
the fast loading and unloading vehicles. The faster that motor vehicles 
can enter and leave dock area, including either loading unloading time, 
the smaller can the truck manipulation area and the fewer can the 
truck berths required for given tonnage. For this reason, there are real 
advantages building owner having his dock and his material handling 
equipment efficient possible for both the loading and unloading com- 
mercial vehicles, and for the moving the freight within the building. 
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DULUTH-SUPERIOR HARBOR 


This history the development the harbor Duluth, Minn., and 
Superior, Wis., into the most important bulk traffic port the world. There 
outlined the growth traffic from the days the early French explorer and fur 
trader the present, with weekly shipments more than 1,000,000 tons 
iron ore. 

Construction the harbor the Corps Engineers, Department the 
Army, began the days when there were still many wooden sailing vessels, 
which were loaded and unloaded wheelbarrow and plank. Today, the 
harbor being maintained and improved accommodate the fast, deep draft, 
600-ft-long, steel vessels with enormous cargoes, which are loaded and un- 
loaded docks designed accomplish this work quickly and efficiently 
the most modern mechanically operated equipment. 

Duluth-Superior Harbor one the finest natural harbors and probably 
the most important bulk traffic port the world. Herein sketched briefly 
its history, the types and tonnages traffic, and description the harbor 
before and after improvements (see Fig. 1). 


The first white men visit the western end Lake Superior were French 
explorers and traders, 1659 and 1660. They left written record 
visiting Superior and Duluth bays, but there reliable evidence that they 
wintered Chequamegon Bay, miles east Duluth, and theirs was the 
first shipment (furs) from Lake Superior. Jesuit cartographers Paris, 
France, drew the first map Lake Superior 1670-1671 and marked thereon 
river flowing into Lake Superior its western extremity, probably from 
information furnished missionaries. 

not until 1679 that there written record lasting settlement 
Head the Lakes. During this year Daniel Greysolon Sier Lhut and his 
party portaged over Minnesota Point near its base, entered the St. Louis River 


November, 1948, Proceedings. Positions and titles given are those effect 
when the paper or discussion was received for publication. 
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and established fur trading post miles west Duluth, which named 
Fond end lake. 1856 the struggling townsite the north 
side Superior Bay adopted the name Duluth honor this French ex- 
plorer. The fur trade continued the main commerce until 1855, the year 
the first lock was constructed Sault Ste. Marie (Mich.). 

The modern story Duluth-Superior Harbor port begins 1852 
with the arrival George Stuntz. Mr. Stuntz had been charge survey 
party running the Wisconsin-Minnesota boundary line and liked the area 
well that settled the spit land later called Minnesota Point. Mr. 
Stuntz prospected over the area and, 1865, found iron deposits while looking 
for gold. 1873 persuaded Philadelphia (Pa.) capital invest mining 
operations the eastern end the iron range. This was the beginning the 
iron ore period. Although this ore was shipped from Two Harbors (Minn.), 
Duluth became the administrative headquarters for mining operations 
northern Minnesota. Discovery ore Mountain Iron (Minn.), Novem- 
ber, 1890, the Merritt brothers, and subsequent development the Mesabi 
Range with the ever increasing shipments ore through Duluth-Superior 
Harbor, soon made the port one the most important the world. 

Duluth-Superior Harbor consists outer and inner basin. The outer 
basin, known Superior Bay, lies between the mainland and the natural sand 
and gravel breakwater, which mile wide and about miles long and extends 
from the Minnesota side the Wisconsin shore. This spit land protects the 
harbor from disturbing wave action Lake Superior. The inner harbor 
consists St. Louis Bay and St. Louis River. Originally, there was only one 
entrance the harbor, located approximately the present position 
Superior Entry near the south end Superior Bay. The natural entrance 
shifted considerably from year year, because wave action and currents, 
and was often obstructed shifting sand bars. 

Superior Bay (the main harbor) and St. Louis Bay (the inner harbor) were 
wide expanses shallow water with depths ranging from and con- 
taining several small islands. The natural channel, created the river cur- 
rent, was from 100 500 width with depths varying from ft. 
Because the varying depths water the entrance the harbor, navigation 
was limited generally less, and during bad northeast storms this was 
decreased ft. These data are taken from survey the harbor 
made 1861 then Capt. George Meade, Corps Engineers, who later 
attained fame the victor the Battle Gettysburg. 

The first act performed the federal government was the building 
lighthouse the entrance the harbor 1857. Parallel timber crib piers 
were constructed Superior Entry the Corps Engineers from 1867 
1875. 

The present Superior Entry piers and breakwaters were completed 1914. 
The piers are 500 apart; each has concrete superstructure, supported 
timber piling. The south pier 1,584 long and the north pier, 2,096 long. 
The rubble mound breakwaters converge, forming arrowhead and providing 
stilling basin approximately acres, which gives safe passage the 
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stormiest weather all vessels. Entering from the lake 
the channel depth ft, decreasing the Superior Bay end. 

channel between these piers which extends established docks was dug 
project depth ft, the work being completed 1873. This depth was 
the controlling depth until completion the 16-ft project depth 1885. Com- 
merce that year totaled 1,200,000 tons valued $24,500,000. Arrivals and 
departures totaled 1,997 vessels, which approximately 10% were sailing 
ships. The largest cargo was about 3,000 tons. 1885 there were docks 
the harbor and the elevators had storage capacity about 9,000,000 
grain. About 600,000 tons coal were received and 14,000,000 grain 
shipped. 

With the opening the Canadian and Poe locks the Soo canals 
1895 and 1896, respectively, and with the advent larger bulk freighters with 
steel hulls, the channels the Duluth-Superior Harbor were deepened ft, 
with additional depths provided the lake approach channels. During the 
six-year period, from 1896 1902, about 21,500,000 material 
was dredged cost about $2,000,000. Contracts were let the low 
rates per yd, per yd, and 10¢ per yd, depending the 
location. The first shipment iron ore from Duluth-Superior Harbor was 
made October, 1892, and continued shipments soon established the harbor 
one the most important the Great Lakes. The billionth ton iron 
ore was shipped 1940 and more than 2,000,000,000 tons total commerce 
were handled prior July, 1947. 

During the years from 1933 1935 the harbor was dredged provide 
channel depths the ore docks and the grain and coal docks. 
These depths were required permit loading the bulk freighters their 
maximum usable draft. 

1884 the bottom the harbor was somewhat irregular, and vessels ex- 
perienced great deal trouble from striking shoals. 1893 some the 
leading citizens Superior and Duluth decided cooperate their efforts 
secure harbor appropriations instead fighting each other’s requests for 
harbor development. The Joint Duluth-Superior River and Harbor Com- 
mission was created. Largely through the efforts this commission act 
was passed Congress creating special committee examine and report 
the harbor. May, 1895, this examination the harbor was made 
congressional river and harbor committee. While making the examination, 
the boat conveying the party passed large freight boat that had accidentally 
gone aground the Superior Front Channel. Later the day, the inspection 
boat also ran aground and had pulled off tug. The committee de- 
cided the channel should deepened. The separate harbors Duluth and 
Superior were united under the title, “Harbor Duluth, Minnesota, and 
Superior, Wisconsin,” the River and Harbor Act Congress approved 
June 1896. 

The district engineer that time also appeared before the river and harbor 
committee with reliable statistics compiled his office 1895. This report 
showed total 10,986 arrivals and departures carrying 6,325,351 tons valued 
$95,000,000 for the combined Duluth and Superior harbors. 


DULUTH-SUPERIOR HARBOR 149 


The story the dredging the artificial entrance, the Duluth Ship 
Canal, originated early 1859. the charter the City Duluth, 
organized April, 1870, power was given the council construct canal 
connecting Lake Superior with Superior Bay. the fall 1870 the city let 
contract for dredging canal 150 wide and deep, protected piers 
each side, extending into lake water. The work was pushed with 
all possible speed, and when winter put stop operations, dredging had been 
through about two thirds the peninsula. petition interests 
Superior, injunction was issued the United States Circuit Court re- 
straining the dredging company and the City Duluth from constructing 
the canal, but was later dissolved with the condition that the City Duluth 
build dike across the bay, making two separate harbors Superior Bay. 
There followed seven years litigation, until the United States Supreme Court 
decided 1877 against the City Superior. The dike was constructed but 
lasted only short period, being destroyed storms. The only railroad 
that time ran into Duluth and the lack dike kept Superior commerce from 
easy access the railway dock. Prior opening the Duluth Canal, most 
the Duluth docks were located the shore Lake Superior, and the first 
grain elevator the Head the Lakes was located the lake front. With 
the opening the Duluth Canal, development began the Duluth side 
the inner harbor. 

The present Duluth Canal piers were completed 1901. They consist 
concrete superstructure rock-filled timber crib substructure supported 
piling, and are constructed withstand the severest storms. The piers 
are 1,734 long and extend about 1,000 lakeward, beyond the shore line. 
The entrance channel has been improved provide depths decreasing from 
the lake end the harbor basin. The piers are 300 apart 
but have been riprapped, thus reducing 240 the width channel having 
project depth. The old canal with its timber cribs was 250 wide and 1,200 
long, with channel depths decreasing from ft. 

1901 prominent engineer predicted that within twenty-five years the 
structure would have pulled down provide for larger better im- 
provements, yet 1947 the project was adequate for the largest vessels. 
Moreover, ocean-going vessels come the lakes the result improve- 
ment the St. Lawrence Waterway, Duluth-Superior Harbor would require 
only the deepening its channels few feet accommodate them. 

The vertical lift bridge over the Duluth Ship Canal was authorized 
act Congress and owned and operated the City Duluth. origi- 
nally constructed 1905, the bridge consisted two towers and overhead 
span. car suspended from this overhead span traveled regular trips 
between the approaches each side the canal. The capacity the car 
was four vehicles per trip. 1929 the bridge was modified raising the 
fixed span ft, constructing new towers within the towers the existing 
bridge, and providing lift span 393 in. length handle vehicles and 
pedestrian traffic. The old towers and fixed span are not essential the new 
bridge but are used carry public utility pipes and cables. 


] 

n 

W 

n 

ir 

X- 

or 

n- 

on 

yn, 

on 

on 

ort 


150 DULUTH-SUPERIOR HARBOR 


The bridge has several sources power, the main one being from storage 
batteries located under the south approach. These storage batteries are re- 
charged motor generators operated local commercial power stand- 
by, gasoline driven charging set. Double sets trolleys are available for 
transferring power the operating room the lift span; the extra set con- 
sidered necessary assure contact during unfavorable weather conditions, 
which may cause formation ice the trolleys. Four 100-hp motors are 
available the operating cage the lift span, any combination two bejng 
sufficient for raising and lowering the span. 300-hp gasoline engine, located 
the operating house, emergency capable raising the bridge 
min merely shifting gear connect the engine the operating mecha- 
nism. Normal time lift little less than min. 

Vertical clearance when the span raised 138 ft; when down, 16.5 ft. 
The concrete counterweights each weigh 450 tons and are built with pockets 
contain separate small concrete blocks added adjust variation 
weight the span, particularly after fall heavy wet snow after sleet 
storm. 

Duluth-Superior Harbor has frontage miles behind established 
harbor lines; the harbor area miles. There are miles dredged chan- 
nels with widths ranging from 200 600 and two anchorage areas, one 
the Duluth Harbor basin, the other the Superior Harbor basin, with ample 
room for anchorage from vessels. 

The federal government expended total $10,915,400.13 perma- 
nent work and maintenance Duluth-Superior Harbor prior June 30, 
1946. This represents cost about $0.005 per ton applied against the 
2,000,000,000 tons commerce handled this harbor. 

Coal one item bulk commodities wherein large saving the public 
results from water shipment over rail shipment. For example, 1947, the 
rail charges coal shipments from the mines, the nearest supply 
coal the Head the Lakes, amounted approximately $4.05 per ton 
Duluth, compared with the rate 1940 $0.40 per ton applying the 
movement water superior quality coal from Lake Erie ports Duluth- 
Superior Harbor. 1940 more than 7,000,000 tons coal were unloaded 
docks the Ports,” resulting saving the public about 
$26,000,000 for that year. The total receipts coal prior July, 1947, 
this harbor exceed 400,000,000 tons. 

The major cargoes the lakes are the bulk commodities iron ore, coal, 
grain, and limestone, which, likewise, are the main items commerce 
Duluth-Superior Harbor. About 98% the cargo tonnage moving through 
Duluth-Superior Harbor consists bulk commodities. The majority the 
vessels commonly employed the Great Lakes are highly specialized type 
ship and are known the bulk freighter. The loading and unloading 
equipment also highly specialized fit the ship design. The lake carriers 
haul more than twice the normal tonnage borne the rest the United States 
merchant fleet combined. The combined lake fleets American and Canadian 
bulk cargo vessels the close navigation 1946 totaled 669 steamers, motor 
ships, and barges more than 2,970,000 gross tons. 1886 about 25% the 


re 


DULUTH-SUPERIOR HARBOR 151 


vessels were sailboats, and steel ships 300 length were just making their 
appearance. The cargo vessels the Great Lakes fleet under United States 
registry now consist preponderantly vessels 600 more length—a far 
ery from the canoes used the first commercial traffic recorded the Duluth- 
Superior area 1855. 

Duluth-Superior Harbor consistently ranks second only New York (N. 
Y.) harbor the largest port the United States point tonnage, and 
probably the most important bulk traffic port the world—despite the fact 
that enjoys navigation season only eight months. For the calendar 
year 1945, the leading ports the United States point tonnage were:? 


Order Harbor Million short tons 
San Francisco Bay, Calif.................... 32.2 


the foregoing comparison the total tonnage shown for Duluth-Superior 
Harbor originates at, destined for, localities outside the vicinity the 
port, whereas all but 50,000,000 tons the commerce credited New York 
harbor classed local within port commerce. The following tonnage data 
commerce will give some idea the growth commerce Duluth-Superior 
Harbor: 


Year Million tons 


Shipments iron ore constitute the largest item commerce for the 
harbor; they amounted about 39,000,000 short tons 1946, 71% the 
total tonnage the harbor. all the iron ore shipped from Great Lakes ports 
1946, 59% was shipped from the Duluth-Superior docks. During the war, 
freighters the Great Lakes carried six sevenths the ore used making 
American steel. There are 308 bulk freighters engaged the iron ore trade, 
almost all which visit this harbor many times during season. The first 
ore was shipped from the harbor 1892. There are seven ore docks Duluth- 
Superior with total length 15,216 and total storage capacity 819,100 
tons. The number pockets range from 302 384, depending the length 
the dock. Thus, possible load four five large ore vessels each 
dock simultaneously. Boats are normally loaded three four hours, with 
average cargo 12,000 tons iron ore. 


Report the Chief Engineers, Army,” Govt. Printing Office, Washington, D.C., 
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Receipts coal and coke more than 10,000,000 tons constituted 19% 
the total tonnage the harbor 1946. coal dealer’s publication 1935 
showed that Duluth-Superior Harbor concentrated the world’s largest 
reserve prepared coals and screenings, ready for immediate shipment 
points Minnesota, Wisconsin, northern Iowa, North Dakota, South Dakota, 
and northeastern Nebraska. There are now docks receiving coal Duluth 
and Superior. 

Grain, flaxseed, and screenings receipts and shipments constituted 
the tonnage the harbor 1946 and amounted nearly 3,500,000 tons. 
this, 151,000 tons was received from Canadian lake-head ports Port Arthur 
and Fort William Ontario, and the remainder was shipped lower lake ports. 
Duluth-Superior shipped 87% the grain transported lake movement from 
American ports the Great Lakes 1946. Lake carriers carried one third 
the world’s grain supply during the World The sixteen elevator sys- 
tems Duluth-Superior include thirty elevators with total storage capacity 
nearly 52,000,000 bu. 

addition, vessels this harbor are engaged carrying limestone, petro- 
leum products, iron and steel—including scrap iron, automobiles, cement, salt, 
gravel, sand, manganese ore, and various smaller items. all, there are 110 
terminals this port. 

With the present development processes utilize low-grade taconite ore 
the future Duluth-Superior Harbor seems certain. 
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DISCUSSION 


Colonel Cole the tonnage data for New York (N. Y.) harbor, there 


another tonnage given this 
paper that misleading 
quoted. five impor- 
tant ports the United States, 
San Francisco Bay California 
credited with annual tonnage 
32,200,000 for the year 1945. 
That amount includes duplica- 
tions intraport shipments and 
for all the ports the San 
Francisco Bay area. Adjustment 
one half the total intraport 
receipts and shipments reduces 
26,100,000, and restricting 
San Francisco and the near-by 
harbors Oakland and Rich- 
mond reduces 18,200,000 
tons. Tabulating all the ports 
the United States having 1945 
adjusted commerce more than 
5,000,000 tons, and crediting 
each the tonnage through locali- 
ties closely contiguous the name 
harbor, gives the values listed 
under 1925 Table 

the thirty-two harbors 
listed, eighteen are Great Lakes 
ports, five are Atlantic Coast 


TABLE ANNUAL 
TONNAGES 


1946 
Million| 
short 
ing 
order 
New York, Y...... 82.1 
Duluth, Minn. + and 

Superior, Wis....... 65. 54.2 2 
Philadelphia, Pa...... i 32.7 4 
New Orleans, La...... 25.2 29.8 7 
Houston, Tex........ 23.8 31.8 
Los Angeles, Calif.....| 23.8 14.4 18 
Baltimore, Md....... 23.1 34.7 
Galveston, Tex.......| 22.5 6.8 28 
Two Harbors, Minn...| 19.7 15.6 16 
Cleveland, Ohio...... 18.6 16.5 
San Francisco Bay, 

California......... 18.2 17.0 
Detroit, Mich........ 16.0 28.0 
Beaumont, Tex....... 13.6 18 23.0 4 

Ashtabula, 13.0 12.1 
Indiana Harbor, ind... 13.0 21 11.2 22 
Boston, Mass.. --| 12.8 22 15.0 17 
Port Arthur, Tes..... 12.2 23 20.1 10 
Portland, 10.5 9.3 
Seattle, Wash. 10.2 10.4 
Calcite, Mich.. 9.7 27 
Lorain, Ohio. . 9.7 28 8.6 25 
Erie, Pa, Pre 9.1 29 5.9 31 
Milwaukee, Wis. 8.0 
Ashland, Wis......... 5.4 32. 
Mobile, Ala.......... 6.2 
Portland, Me......... 5.9 30 


ports, five are Gulf Coast ports, and three are Pacific Coast ports. The 


magnitude the Great Lakes com- 


Various Coasts 


1946 
Coast Million Million 
short Order short Order 
tons tons 
287.1 2 326.1 
123.7 4 104.8 


port the Chief Engineers, United 
States Army, for 1945 commerce. 

1945 traffic had not fully re- 
covered from the war dislocation, 
will noted the 1946 column 
Table which illustrates the changes 
through readjustment traffic. 

the thirty-one ports then hav- 
ing annual tonnage excess 


Prin. Engr., Buffalo Dist., Corps Engrs., Dept. the Army, Buffalo, 
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5,000,000, fifteen are the Great Lakes, five are the Atlantic Coast, six 
are the Gulf Coast, and four are the Pacific Coast (see 1946 data 
Tonnage some Great Lakes ports declined largely because 
reduced quantities iron ore and limestone used war production; 
that the Gulf Coast ports increased (some very greatly) through in- 
creased shipments oil and oil products. 


AMERICAN SOCIETY CIVIL ENGINEERS 
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Paper No. 2395 


THE RELATION URBAN EXPRESSWAYS 
MASS TRANSPORTATION FACILITIES 


SYNOPSIS 
Although the provision urban expressway networks accommodate all 
classes metropolitan vehicular traffic would much desired luxury, such 
construction for other than intercity traffic appears economically unjustifiable. 
The fact that more than half the local traffic unnecessary and could 
eliminated modernizing mass transportation facilities emphasized. The 


irreducible part local traffic could materially aided many old cities 
correcting inconsistencies street layouts and establishing reasonable con- 
tinuity traffic flow. The pattern for justifiably modernized off-the-surface 
rapid transit nuclear systems described and the desirability extending 
commuter service into the central business district 


INTRODUCTION 


Almost every major city the United States being urged undertake 
the construction elaborate urban systems limited access expressways de- 
signed largely for the accommodation local moterists. Such systems will 
provide: (a) Inner, intermediate, and outer circumferential belt lines; 
radial arterial connections between these loops; and (c) continuous flow inter- 
changes the junction points. 

Vast sums the taxpayers’ money will required create these facilities. 
For example, the city and the adjacent county Los Angeles, Calif., are con- 
templating over-all expressway plan estimated cost $582,000,000. More 
compact cities can obtain equivalent coverage for somewhat smaller, but still 
staggering, sums. addition, these limited access freeways, particularly 
when depressed, entail the sacrifice large strips originally tax-producing 


private property and thus will add still more the remaining taxpayers’ 
burdens. 


Note.—Published in December, 1948, Proceedings. Positions and titles given are those in effect when 
the paper or discussion was received for publication. 


Public Works Officer, Coast Guard Yard, Curtis Bay, Md. 
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Nevertheless, although gregarious man likes crowds and busy streets, 
obvious everyone that traffic conditions metropolitan areas have become 
intolerable and some remedy must found. Apparently there are two basic 
alternatives. One provide the urban expressways and thus perpetuate 
the usage the personal automobile uneconomical, illogical substitute 
for rapid transit facilities; the other, discourage the unnecessary use the 
automobile and provide, instead, modernized, adequate mass transportation. 


TRAFFIC PROBLEMS 


most cities the business district traffic, reality, presents three problems— 
first, the intercity traffic following natural geographic route through the very 
heart the section which these old highways brought into being; 
second, the local traffic overcrowding the few available through streets; and, 
third, mass transportation equipment, such streetcars, buses, etc., operating 
almost end end the surface the streets. these phases the 
over-all problem has sharply distinctive characteristics. thorough diagnosis 
the malady does not result from merely lumping these problems together 
and prescribing the urban expressway the panacea for all these ills. 

Instead, each the traffic types should analyzed separately. The degree 
and the extent actual necessity each category must determined and, 
once they are established, the kind and the extent relief the city can justify 
and afford provide becomes apparent. 


For Intercity TRAFFIC 


The intercity and, subproblem with somewhat similar characteristics, 
the cross-the-city traffic are types that, obviously, cannot reduced. fact, 
most cities want encourage such traffic because the ever-increasing volume 
heavy commercial vehicles—trucks, trailers, semitrailers, and the like—is 
much the lifeblood trade any railroad waterway ever was. Also, that 
part intercity traffic consisting private motorcars should not shunned, 
for well-known phenomenon merchandising that appreciable 
amount trade does result from stream travelers passing through city. 
Consequently, would shortsighted indeed for community deliberately 
discourage the tourist from entering town. 

Nevertheless, although the trucker must make contact with the typical 
truck-loading exchange terminals usually located the fringe the central 
business district, and the tourist should penetrate city deep enough 
within reach hotel, restaurant, and shop, their presence the old highway 
lines invariably meandering through the exact center the business district 
certainly traffic congesting element that unnecessary and unjustifiable 
that particular zone. Therefore, where this type traffic exists volume 
sufficient constitute major traffic problem, the indicated remedy re- 
move from the surface the city streets. 

For intercity and cross-the-city traffic problems, there little doubt but 
that the urban expressway the logical facility. The limited access highway 
linking city with city has amply demonstrated its worth, and the extension 
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such construction through city, either depressed elevated 
expressway, can usually justified. Such facility frequently can routed 
bend away from the original highway line just sufficiently pass along 
the edge the active central district. installed, will still give access 
the business zone and adequately serve the intercity and satellite community 
traffic terminating and originating the metropolis, the through traffic (which, 
although proportionately small numerically, consists largely highly objection- 
able heavy trucks, semitrailers, and the like), and the traffic which enters the 
city from outlying community for destination the city beyond the 
central business district. most cities, only few blocks separate highly 
valuable property the edge the central business district from the deterio- 
rated section low value. the intercity expressways are located 
this fringe, large construction economies will achieved. 


For TRAFFIC 


Although the urban expressway the indicated remedy for the foregoing 
class traffic, the projection this theory justify similar installations for 
substantially local traffic flowing and fro between the edges city and the 
perimeter the central business district seemingly unwarranted. fact, 
the second, local traffic phase the over-all problem, entirely different 
basic condition prevails. this case, most the traffic not unavoidable 
and not all certain that should encouraged. 

origin-and-destination survey conducted large eastern city 
disclosed that, every hundred people who brought their cars parking 
location the central business district, seventeen were shopping, thirty were 
business trips, and forty three were going places employment. For 
want better index, can assumed that these proportions are typical 
all cities and obvious that large part such local traffic probably not 
genuinely necessary. Nevertheless, this group cars comprises the local 
traffic problem for which most the in-city system expressways proposed 
—people going work business appointment. 

Questions immediately arise. How much this traffic really mandatory? 
there not some less expensive method transporting these people? 
possible continue sacrificing more and more the valuable “downtown” 
areas for storage spaces for more and more automobiles cities grow larger 
and larger? demonstrate exaggeration, continually easier and 
easier for people bring their cars into the business districts, eventually the 
central zones will filled with automobiles there will room left for 
people—or for business. 

However, complete urban expressway networks are provided, the well- 
known and most often stated criticisms are: 


The inner circumferential expressway, encircling the business district, 
will effectively fix the ultimate growth limits that zone and may produce 
throttling influence future expansion. well-known phenomenon 
city development that marked irregularity the surface plane creates 
psychological barrier and restriction normal growth. Cases point are 
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Park Avenue (New York, Y.) before was covered over, the Canal (Cin- 
cinnati, Ohio) before was filled in, and the elevated trackage along Market 
Street (Philadelphia, Pa.), all which were definite walls against urban 
development. 

The arterial expressway radial connections between inner and inter- 
mediate belts will built the typical, obsolescent inter- 
mediate zones between downtown and suburban areas. These areas, usually 
from mile miles wide, are transitory status and, actually, not now 
present too much traffic congestion. However, building expressways 
through these sections, likely that, average city, from min min 
may saved driving from suburb the downtown district. Neverthe- 
less, people have certain specific times for work for business appointments 
and, consequently, will invariably use this saving driving time for time 
out the city—that is, they will leave home later when going work. There- 
fore, almost everyone will arrive in, leave from, the downtown area ap- 
proximately the same time. 

the inner circumferential expressway belt will only encircle, not 
penetrate, the downtown area, all local cars heading for destination the 
central business section still the surface the city streets while 
the zone most congestion. 

consistent, facilities are installed expedite and encourage 
traffic come into the downtown area, tremendously improved parking 
‘‘terminal facilities,” the freeway proponents term them, must provided 
accommodate the cars while they are the critical space area. Inasmuch 


private interests have found little inducement furnish such 
likely that the taxpayer ultimately will also have underwrite this con- 
struction. 


Summing up, the net result huge investment in-city expressways 
will solely get cars downtown few minutes faster, only add sub- 
stantially the same general confusion. Also, once downtown, what done 
with the cars? 

Assuredly, people are wanted downtown, but perhaps their cars are not 
wanted downtown after all. Therefore, the logical course investigation 
first determine why people want bring their cars into the central business 
district. 

almost every case, people elect use relatively expensive type 
personal transportation because the inadequacy existing mass transporta- 
tion. This inadequacy results from insufficient coverage, infrequent schedules, 
discomfort, noise, dirt, and all the other objectionable features familiar 
everyone and, also, from the fact that, since about 1920, the development 
mass transportation has not kept pace with the movement volume the people, 
because the increasing use the automobile for personal transportation. 

When there was space the central business districts accommodate 
cars, mattered little that one person after another discontinued using mass 
transportation and drove his automobile downtown. This procedure was not 
discouraged. the contrary, was encouraged. Streets were widened, 
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traffic control systems installed, parking garages built, and the taxpayers spent 
large sums money foster the use the personal automobile. doing, 
the normal growth mass transportation was stultified and its standards 
the 1920 level. 

readily apparent any engineer that, from the standpoint economics, 
the only way move volume people from point point mass trans- 
portation; that big cities bulky, cumbersome, personal transportation 
probably can longer used lieu mass transportation; and that, 
whether cities expand horizontally vertically, with increasing land values, 
downtown vehicular accommodations cannot continue expanded for the 
convenience the 43% who merely drive work and sizable fraction the 
30% business trips the 17% who want shop. 

Therefore, before constructing extensive, expensive, systems freeways 
encourage the use the private automobile further, appears that the first 
obligation provide transportation volume—to reverse the trend the 
past and encourage the development mass transportation primary 
remedy for the local traffic phase the over-all traffic problem. Just this 
result automatically will accomplished nothing done about the local 
traffic situation. fact, for all cities could stated that the time 
nothing about local traffic occurs when everyone clamors for something 
done—when clearly established that the breaking point tolerance 
traffic delays has been reached—for then the situation will begin rectify it- 
self. One one, group group, people will gradually discontinue driving 
their cars into the downtown area and will resort the use mass transporta- 
tion facilities rather than personally endure the exasperation operating car 
heavily congested traffic. 

course, left chance, the mistake years not going undone 
overnight. Although more and more people resume using mass transporta- 
tion, it, turn, will gradually expand and modernize; such development, unless 
artificially accelerated, will require many years slow progress and much more 
public clamoring the various public service commissions. However, mass 
transportation already recognized one the contributing phases the 
traffic problem. Therefore, should possible expedite the redevelopment 
mass transportation materially the same time such transportation being 
corrected traffic problem. 

Although improved mass transportation should substantially reduce the 
surface street congestion, there will always that irreducible minimum 
local traffic arising from cars that have brought into the cities. Generally 
speaking, this problem can materially alleviated greater use one-way 
streets, synchronized grid traffic light control, elimination curb parking and 
truck loading and unloading during business hours, and all the other regulatory 
measures that are politically unpopular. 

Other steps that are unpleasant many municipalities, but which are 
frequently tremendously effective older cities, are correct the inconsisten- 
cies street layout the central zone and establish symmetrical traffic 
artery pattern providing reasonably continuous flow. many old cities most 
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the streets nowhere. Because complete lack incomprehensive- 
ness early city planning, almost every street jogs back and forth and termin- 
ates building, cemetery, the water’s edge. reach destination, 
traffic must frequently follow circuitous path involving much unnecessary 
right and left turning. Each turn delays and slows down traffic flow. Al- 
though this condition may only annoying suburb, becomes major 
importance the congested business districts. 

Careful analysis the street plan many cities frequently will reveal 
situations where little-used streets can cut through existing blocks 
buildings join with other little-used streets and thus form contiauous 
artery where obsolete indentations waterfront can filled and 
claimed permit the extension and the joining streets terminating 
the water’s edge. Such measures often will allow unused streets become 
valuable traffic thoroughfares and, incidental benefit, will often immeas- 
urably increase land values deteriorated zones languishing the backwash 
city’s growth. 


FoR Mass TRANSPORTATION 


The obvious and the only genuine solution the traffic problem occasioned 
mass transportation equipment (streetcars, trackless trolleys, buses, etc.) 
operating almost end end the city streets remove such equipment 
from the surface the streets, least the areas where major 
element. Not only will this measure relieve surface traffic, but also will 
greatly expedite the movement the mass transportation equipment and 


enhance its value the patrons. Consequently, long range plan for traffic 
correction can considered adequate unless will ultimately provide off-the- 
surface mass transportation—for example, subway system. 

However, the natural outline geographical shape most cities the 
population brackets from 750,000 2,000,000 such that would im- 
possible build complete, city-wide conventional subway system that would 
defray its own cost. Subway construction extremely expensive, and even 
approach self-liquidating basis each line must serve tremendous number 
patrons. When city laid out long, narrow rectangle, that few 
lines can serve large and densely populated area, subways can then least 
appear sound financial venture. the other hand, when city 
fan-shaped, are most United States cities, with streets radiating all 
directions and with none these streets serving continuous strip heavily 
populated zones, the investment required for subways cannot possibly 
economically self-supporting. 

Under these conditions, the most that can justified composite system 
consisting conventional surface equipment (such streetcars) all thinly 
populated areas; and, the definitely critical zone, either subsurface tubes 
for these same streetcars or, alternate, relatively small downtown 
conventional subway system which patrons can transfer from the radiating 
surface lines. The business district subway system is, course, mandatory 
when buses trackless trolleys would used lieu streetcars for surface 
operation the outer relatively thinly populated areas. 
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Elevated rapid transit systems are also practicable, but past experience 
with this type facility has demonstrated many shortcomings. Thus, 
generally speaking, they can considered undesirable. Also, because the days 
the streetcar appear numbered and the bus becoming more popular, 
probable that the central zone subway system the logical choice for 
the average city. 

The operation such system obvious. From terminal points located 
principal arteries short distance from the central business district, subway 
trains run into the central zone where they traverse common subsurface loop 
loops routed strategically under important business streets serve office 
buildings, shopping districts, commercial areas, theater districts, and the like. 
Transfer privileges are extended surface transportation. Passengers from 
suburb travel bus along principal surface radiating street until the subway 
terminal the outer fringe the central district this point the 
passengers leave the bus, descend the subway, and continue their destina- 
tions the downtown area, the buses returning the suburbs. the passen- 
gers wish continue diametrically across the city, small proportion them 
may, they stay the subway until reaching the opposite side the central 
zone and then retransfer radiating surface buses. course, buses and other 
surface equipment should almost entirely excluded from the area served 
the subways. 

Another operating possibility such system the convenience offered 
those who are forced use automobiles. Since the subway terminals should 
located the deteriorated zones outside the central district, should 
economically practicable provide extensive parking lots such locations. 
Motorists can then leave their cars these points and, few minutes, reach 
their destination the business section via the high-speed subway. 

This type off-the-surface facility lends itself expansion keeping 
with the growth the city and will way hamper the normal expansion 
the central district. modern design criteria lightweight, high-speed 
railroad practice are applied subway equipment, can smooth, clean, 
quiet, and reasonably comfortable. fares and public pressure, re- 
turning mass transportation after years, can make so. 

only fraction the cost in-city freeway facilities for local traffic— 
and that fraction self-liquidating profit-returning investment instead 
nonrecapturable outlay—mass transportation the central business district 
can immeasurably improved. Under coordinated attack the problem, 
increasing restrictions parking and operation the downtown area, coupled 
with the present exasperating traffic congestion, will open new sources 
mass transportation patronage the outlying districts. New patronage will 
justify expanded networks bus coverage. Increased bus patronage will, 
time, justify subway extension. Subway extension, offering still faster trans- 
portation the business section, will open still more sources patronage. 
Thus, the cycle will continue its own volition. 

For some obscure reason, decentralization cities viewed with alarm 
many city planners and the proponents expressways argue that one 
the principal advantages this type facility that will reduce the ten- 
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dency decentralization. The record does not support such contention. 
Timid drivers will not venture onto high-speed vehicular speedways. For 
example, suburban matrons, obliged travel automobile, although they 
would prefer shop the downtown stores will often seek out community 
shopping center, rather than brave fast-moving congested traffic. the 
other hand, convenient, comfortable mass transportation will bring them back 
the downtown stores. The proof rests the well-known fact that the cities 
with the most centralization have the most extensive mass transportation 
systems; and, the other hand, cities depending largely motor cars for 
transportation are the most decentralized. 


REDEVELOPMENT COMMUTER SERVICE 


reduce still one more traffic type contributing the con- 
gestion, another type mass transportation that can redeveloped con- 
junction with the central zone subway system the commuter service 
outlying communities accessible from existing railroad lines serving the city. 
Such service has languished many cities, partly because the automobile. 
most cases, however, the deteriorated service caused the inconvenience 
getting from railroad stations office and business districts. contact 
with railroad stations well-nigh mandatory any downtown subway system, 
would usually possible provide subsurface rail interconnections such 
points and thus bring the commuter equipment right into the downtown 
subway loop. With modern equipment designs, would simple matter 
devise lightweight rolling stock with retractable third-rail shoes for con- 
ventional subway operation the city and for diesel-electric operation the 
surface rails the outlying sections. Adequate service this type, right into 
the heart the city, would open whole new groups patronage the one- 
car subsuburban community class. 


CoNCLUSIONS 


From realistic approach the functional problems city tempered 
appreciation the economic condition such communities, appears 
that, although urban expressways seem the answer for intercity and 
cross-the-city vehicular traffic, the logical approach the purely local traffic 
problem first develop mass transportation the utmost and then, 
secondary measure, give consideration in-city expressways for the con- 
venience personal, luxury transportation. subway construc- 
tion is, still cheaper from over-all viewpoint because, the nucleus 
composite mass transportation system, concentrated the hub 
the trouble and not spread out along the spokes the rim the street pattern. 
The subway nucleus relieves the traffic precisely where the relief needed— 
right the heart the business district. disperses the problem outward 
instead compressing into the dense and already hopelessly overcrowded 
city core. The use urban expressways for local traffic appears basically 
unsound, will not solve the downtown traffic problem, but will only 
perpetuate it. 
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DISCUSSION 


Assoc. ASCE.—Anyone who drives car will 
agree with Mr. Bradfield when states (see 
obvious everyone that traffic conditions metropolitan areas have become 
intolerable and some remedy must found.” might added that the 
more intolerable the condition the more drastic the remedy would have be. 
The paper presents the problem precisely, and timely. 

Having hotels, stores, theaters, and offices concentrated downtown 
area city advantage modern living and decentralization these 
facilities not desired. Rather one must accept the fact that there 
centralized downtown area, that people will come this area their own cars 
instead using public transportation, and that this traffic, together with other 
traffic, creates intolerable traffic condition. The writer would like con- 
tribute the following discussion this affects the downtown 
area only: 


The author suggests that relief for mass transportation could obtained 
removing from the surface the street either subways elevated 
structures. However, this procedure quite expensive and better one would 
prohibit entirely the use the downtown area streets private cars. 
Traffic downtown area composed private cars, trucks, and public 
conveyances (street cars and buses). these, trucks are necessary bring 
goods stores during business hours; public conveyances are necessary for 
people without cars. Thus, the obvious group eliminate, and one which 
would relieve the situation considerably, would the private car. 

compensate for the prohibition private cars and obviate the 
necessity constructing expensive circumferential expressways around the 
business district, public garages should erected the fringe the district 
sufficient number and size accommodate the cars that would normally 
park the streets the business district. These garages should placed 
the perimeter the district that the center the district would within 
walking distance. 

the city would prohibit use the downtown streets private cars the 
incentive for private construction and ownership the garages would 
provided. However, competent planning organization should determine 
the location and number the garages for maximum efficiency. private 
financing and construction the garages could guaranteed, cities would 
relieved additional strain their finances. Certainly, the cost the ga- 
rages would not add the cost subways and circumferential expressways. 

the business district large that walking from the perimeter 
garages would not convenient, integrated, circulating, low fare trans- 
portation system within the downtown area should provided. at- 
tractive the public these units should spaced not more than min apart 
and the fare should approximately 5¢. would transfer privileges 


} 
7 
; 
f 4 
J 
4 
\ 
Engr., Berkeley, Calif. 


164 LEWIS URBAN EXPRESSWAYS 


from this system. Thus, person would park his car perimeter 
garage and his destination were not within walking distance, would use 
the circulating transportation system, taxi, reach it. 

public garage system has advantage over the subway program that 
could financed privately whereas the subway would probably require bond 
issues. Time required secure relief would shorter for garage system 
than for subway elevated railway program. eliminating private cars 
from the downtown area more safety for pedestrians would obtained and 
accidents vehicles might reduced. 


ASCE.—Although expressways were first developed 
approaches cities through suburban areas, now recognized that they 
should extend into urban areas. Mr. Bradfield accepts this, but states (under 
the heading, for Intercity that they should used only for 
and cross-the-city and that which should 
reduced quantity greater provision and use mass transportation, can 
handled ordinary city streets with the aid improved regulation (see 
for Local 

The writer agrees that expressways are justified only locations where they 
will use through traffic, but believes that the inner sections such 
routes should designed that they can also take care intracity traffic 
which moving either from the downtown areas from one side the 
city another. small city such intracity traffic may travel only 
mile more along the expressway, whereas large city will travel the 
expressway for least miles. Thus, the express route can used its 
maximum efficiency. 

Mention should made, also, the opportunity for still greater use ex- 
pressways through their joint use private cars and mass transit vehicles 
the form buses operated over the main roadways rail facilities located 
part the right way reserved for that purpose. Such treatment 
considerable part the proposed expressway system Los Angeles, Calif., was 
proposed clinic” held that city December, and 
the Hollywood Parkway was designed accommodate buses, with special turn- 

which they can pick and discharge passengers. 

The writer agrees that the use private automobiles central areas should 
discouraged, but would include three additional steps the provision 
“adequate mass part the municipal action necessary 
implement such program. These are: The elimination the free use 
downtown streets for transient parking, the substitution limited curb side 
space for short time parking controlled parking meters, and supplementary 
off-street parking facilities. The last these may provided retail centers 
small municipalities free municipal parking lots; other cases they should 
operated fee basis. very large cities some form municipal subsidy 
may required bring the fees within the range what the driver willing 
pay. 


* Cons. Engr. and City Planner, New York, N. Y. 


Peo ao ™ 


— 


LEWIS URBAN EXPRESSWAYS 165 


Although some planners have suggested that the modern city should 
crisscrossed network expressways, the writer agrees with the author that 
such schemes are visionary and impractical and that most the arterial net- 
works cities the United States will continue surface level streets. 
The expressway system within urban areas will not often require more than one 
loop, circumferential, route except large metropolitan areas where both 
inner and outer loop may desirable. planned far enough advance 
most the outer route can limited access type, constructed grade with 
depression elevation only connecting thoroughfares. 

many cities the expressway system need only single route the 
direction prevailing traffic, two intersecting routes where heavy 
two directions. each case should pass through the city along the edge the 
downtown extreme case additional link may have cross the 
central area. For example, the New York (N. Y.) region the Mid-Manhat- 
tan Expressway shown the New York City master plan needed provide 
for heavy traffic between the New Jersey and the Long Island, New York, 
sections the region. 

cities increase size, the percentage people entering downtown areas 
private car decreases—primarily because mass transportation has been pro- 
vided. Experience has shown that when cities continue grow without com- 
prehensive planning both types facilities become unsatisfactory because 
overcrowding and delays, both. Good mass transportation has the advantages 
cheapness, efficiency street use the case surface transit, and speed 
the case subways. The private automobile has the advantages comfort 
and convenience. The solution the congestion problem the downtown 
areas not simply ban the private car such areas and attempt shift 
the entire load mass transit lines. There must balanced transportation 
system which both private cars and mass transportation have place. 

The stagnation street movement central areas has resulted from three 
main factors: 


(1) City planning that failed coordinate the design the street system 
with control over the bulk buildings fronting the streets, and that laid out 
new arterial routes without giving thought where the cars they bring will 
park the downtown area; 

(2) Laxity municipal authorities permitting downtown streets 
used free storage space for long time parkers, either through failure 
impose restrictions through inability unwillingness enforce restrictions 
when imposed; and 

(3) Failure both public and private transit companies modernize and 
keep date their mass transit facilities. 


large cities will stop providing free parking space for transients and sub- 
stitute fee parking, economic forces will help bring about solution. Such 
fee parking can provided through meters for short time parking, where curb 

Los Program for Improvement Transportation and Traffic 
Facilities the Metropolitan Leuw, Cather and Co., Harold Lewis, and Joe Ong, Los 
Angeles, Calif., December, 1945. 


Highway Planning Metropolitan Joseph Barnett, ASCE, Vol. 
112, 1947, pp. 643-644, Figs. and 
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side space can set aside for such use, and through off-street parking lots 
garages for long time parking. Most the workers previously driving into the 
area and parking all day will then have shift entirely mass transit lines 
drive only convenient outlying transfer points. The few who can afford 
pay for downtown off-street parking can continue This arrange- 
ment should leave room the streets for the salesmen, visitors, executives, and 
shoppers who will, either necessity preference, continue come 
private automobile. 

City planners are more often accused urging decentralization and being 
willing let overgrown cities decay than viewing decentralization with alarm. 
The decentralization residences metropolitan areas has been steady 
trend for several decades and when involves shift planned areas 
beneficial. the other hand, centralization many types business activ- 
ities has distinct advantages, and cities cannot afford let their established 
business centers become choked and blighted inaccessibility. the same 
time cities should plan for some recentralization business subcenters rather 
than permit overbuilding single center. 

attempting prove that mass transportation will keep patrons coming 
downtown stores because (under the heading, for Mass Transporta- 
cities with the most centralization have the most extensive mass 
transportation systems* the author may putting the cart before the 
horse. Would not more logical say that cities which have developed 
mass transportation systems have thereby made possible great centralization? 
This result has certainly been true New York City, which extended its rapid 
transit system into unbuilt areas, thereby attracting vast resident population 
those areas and greatly increasing the congestion the downtown business 
areas where all the rapid transit lines focused. 

The author’s proposed cycle downtown traffic restrictions, increased bus 
patronage, subway extension, additional outlying bus transportation, and 
on, seems offer hope more efficient transportation system, but its effec- 
tiveness will depend how these facilities are planned. the new transit lines 
continue focus the old downtown center, there danger establishing 
vicious cycle lines, bordering residential development, demand for 
parallel transit lines, additional bordering development, and on— 
all leading greater concentration and congestion the downtown area. 


properly, this excellent paper em- 
phasizes the need for mass transportation facilities solving the urban traffic 
problem but the author’s presentation too strong implying that advocates 
urban expressways contend that they are the panacea for all these 
[traffic] Responsible officials recognize that congestion urban areas 
will relieved only broad attack the problem involving several related 
problems requiring the force and the cooperation numerous city, state, and 
federal agencies. The writer has consistently tried point out and simplify 


the broad effort necessary, and has broken down into the following five-point 
program: 


Urban Road Div., Public Roads Administration, Federal Works Agency, Washington, 
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(1) The improvement the arterial route system. 

(2) The improvement the streets that must form distributors for all 
traffic. Nearly all people and goods transported motor vehicles must 
delivered their ultimate destinations local streets. 

(3) The improvement the transit system. known plan can all 
traffic handled private vehicles. The transit vehicle, whether 
railroad car, trolley car, bus, much more efficient user street space 
providing mass transportation than private car; and, increasing 
degree, the public must look the transit vehicle carry large part the 
passenger load, particularly between home and work during the hours 
greatest congestion. 

(4) The solution the terminal problem—adequate provision for parking 
and for the loading and the unloading goods. seems unreasonable 
expect city use its extremely valuable streets for the storage vehicles 
for long periods time, particularly during rush hours, for the use trucks 
loading and unloading goods. Especially the case large commercial and 
industrial establishments, there seems less justification for requiring 
off-street loading and unloading areas for trucks than for railroad cars. 

(5) The more efficient use present facilities. this category the writer 
would include spot improvements that will make possible more efficient use 
streets. Among these might mentioned widened and improved pavements, 
markings and signs, more efficient traffic signal control, channelization, and 
other isolated improvements points congestion. 


This program will necessary even though the type mass transit the 
author emphasizes (namely, subways) are provided. Subways are economi- 
justified probably only few cities. Only five cities the United States 
have populations greater than 1,000,000 and not more than fifteen cities have 
million people, the satellite suburban cities are included. the 
other hand, about thousand cities have populations more than 10,000. 
Nearly all these have problems. Mass transit for most these 
cities consists gas buses, trolley buses, and trolley cars. 

Mass transit not the increase should be. The impetus given mass 
transit during World War has not resulted permanent gains, and there 
are signs that mass transit operators are having their old troubles despite the 
increasing difficulty moving and parking experienced drivers private 
automobiles congested cities. Rail operation its exclusive right way 
excepted, course. The cause such difficulties appears the vicious 
cycle which mass transit operators and the public find themselves. Mass 
transit operation city streets slow and costly because frequent stops 
and congestion. the time travel mass transit increases and the fare 
raised meet costs, fewer people ride and more drive, further aggravating 
congestion. 

The arterial routes most cities are lined with commercial establishments. 
The routes serve several types traffic that interfere with one another. 
Arterial route traffic wants move fast, without stopping. Neighborhood 
shopping traffic wants move the same manner but only far the com- 
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mercial establishments, where stops. Buses want move rapidly 
possible, but they want stop frequently pick passengers. Cross 
traffic wants cross without stopping intersections, and pedestrains want 
cross everywhere. Congestion increases one approaches the center the 
city because builds higher and higher volumes, width pavement 
decreases because increasing cost right way, and intersections become 
more frequent with higher volume cross traffic. Street capacity drops 
sharply just where volume increases and congestion begins. Mass transit 
vehicles must slow down along with all other vehicles. 

The solution being proposed the construction separate, free-flowing 
facilities for arterial route traffic which, addition serving such traffic, will 
release the streets for local traffic including mass transit vehicles. addition, 
mass transit express nature can then provided the free-flowing 
arterials themselves. The reduced time and cost mass transit operation 
both the new and the old arterials result superior service which should 
encourage their greater use, and the shift back from private vehicles mass 
transit would contribute further lessening congestion. are the in- 
gredients for reversal the present cycle with benefit for all. 

Railed mass transit being considered few expressways and being 
provided one, the West Expressway Chicago, Ill. The only logical 
location for median sufficient width enable stations and platforms 
constructed clear the high-speed through traffic lanes. Climbing 
the part passengers unavoidable such cases but there increasing evi- 
dence that, where volume passengers justifies it, even this effort will made 
unnecessary the use escalators, which have long record reliable service. 


ASCE.—The author opposes high-speed urban 
highways and favors the elimination the downtown business areas ve- 
hicular traffic (characterized unnecessary), except mass transport vehicles 
(subways). Greater traffic volumes cities not occur downtown areas be- 
cause decentralization and by-pass routes have spread the load over greater 
areas. Mr. Bradfield claims that most the older cities have incon- 
sistent street layout central zones, which causes traffic congestion, and 
recommends razing buildings and filling harbor indentations provide 
continuous routes. 

The author’s theme opposing in-city expressways can crystallized into 
almost one statement—that the traffic congestion the central business 
(downtown) areas major cities will corrected all but mass transport 
vehicles are ruled off the streets. further improvement, suggests that 
public transport vehicles placed subways. Obviously, and 
private vehicles disappear from the streets, there will vehicular street 
congestion; but vehicles not disappear readily. 

The author states that people are wanted the central business areas rather 
than private automobiles—and suggests that the existing intolerable traffic 
conditions are deliberately permitted aggravated, such unwanted cars 
will stay away. proposes that subways operated loop arrangement 
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under all downtown business streets serve offices, shops, theaters, and rail- 
roads—with transfer and and ride” privileges terminals streetcars 
and buses which would located along this subway loop the fringe the 
central business area. 

Several the author’s premises are open question. focuses all 
attention traffic congestion the downtown (central business) area, when 
traffic surveys clearly show that the greatest concentrations city vehicular 
traffic are points some distance from the center the city. The author 
favors intercity expressways, but opposes them within city limits for local 
motorists, and tolerates them only for through cross-the-city traffic. Prob- 
ably, one need elucidate what constitutes city” and what con- 
stitutes “local 

the 1940 census, there were only nine cities the United States with 
populations exceeding 750,000; yet there were thirteen states with populations 
less than 750,000. Surely, the author’s statement that expressways are 
unnecessary inside cities, but are needed between cities debatable. The 
area New York, Y., covers 650 miles, which half the size Rhode 
Island, and one third that Delaware. Local traffic must include that from 
metropolitan areas cities; such areas increase the major city population 
50% more, and the major city area much 700%. 1940, there 
were sixteen metropolitan areas with populations exceeding 750,000. The 
Philadelphia, Pa., metropolitan area approximately the size Rhode Island, 
so, interurban expressways are proper for states like Rhode Island, they are 
more proper larger cities. 

The need for city expressways cannot disposed empirical formulas, 
but must determined individual studies made each community; nor 
should the author confine his planning circumferential expressway belts 
the only geometric pattern. Notable satisfactory radial ex- 
pressways include the East River Expressway and the West Side Highway 
Manhattan (New York City) and the Parkway and Fairmount Park drives 
Philadelphia. New York’s Midtown Tunnel with approaches Long Island 
incalculable value this area. Expressways, like high-speed railways and 
railroads, also tend enhance the values certain adjacent benefited realty. 

Municipal planners would agree with the author, that the motorist not 
entitled unrestricted parking and driving rights city streets. de- 
batable point that the local motorist should legislated off the streets, 
but that the distant tourist should welcomed for his shopping and hotel 
dollars. The local motorist entitled proper use—but not misuse—of the 
streets, because has been assessed for their construction, and taxed 
annually maintain them. Philadelphia has 33,000,000 paved 
highways and 260,000 registered private automobiles—an average 127 
per car. What use would the author have the local resident make such 
paving that pays for? could not use it, why would build it, 
permit himself taxed for it? 

seems questionable for the author argue for in-city expressways for 
the convenience the out-of-town user (to the exclusion the local owner 
the facility), for one suggest developing the United States for the con- 
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venience some foreign nation. modern highway planning, cities are by- 
passed for the many who prefer such routes, well for the benefit the 
city itself; yet, expressways are constructed connect conveniently the down- 
town commercial area with the outlying industrial and residential areas. In- 
city expressways major cities cannot justified the basis tourists alone. 
The present trend for truck terminals located near principal through 
traffic routes, quite some distance from commercial areas the center 
the city. 

Quite properly, the writer believes that motorists must not given un- 
restricted parking other traffic privileges; but, the solution this problem 
not too difficult. The author, however, bases his argument the fact that 
cars out cars parked central city parking lot were used persons 
“going employment”; such survey means nothing the over-all traffic 
problem which must catalog every vehicle entering leaving the central 
Traffic problems would practically evaporate all cars were anchored parking 
lots instead cruising about the streets. actual statistics, 1,650 trolley 
cars major city made 33,000 trips daily—an average trips per car. 
probable, too, that some these drivers find car essential their 
employment, whereas others find public transportation from home extremely 
unsatisfactory. Origin and destination surveys show that the majority 
persons driving employment from necessity—not choice. 

The author’s statement that expressways will preclude municipal develop- 
ment beyond the expressway (much did the Great Wall China), not 
supportable. The fortification wall about Paris, France, could not permanently 
confine that city; nor could the Market Street Elevated Railway Phila- 
delphia restrict normal growth either side, the author contends. Actu- 
ally, the reverse true—the area tributary this elevated railway developed 
phenomenally and there was free interchange traffic from one side the 
the other, both private vehicle and mass transport lines. 

The author claims that expressway would save only from min min 
from the suburbs the downtown district, but that saving would not change 
the time arrival at, departure from, the downtown area. Naturally, the 
time saved would depend the conditions prevailing—especially, the distance 
and the speed possible both routes; however, with congestion bad that 
min are consumed sometimes, driving mile during peak traffic 
regular streets Philadelphia, expressway would save much more than 
min for persons living its 9-mile edge. Expressways are more 
economical than conventional streets equal carrying capacities, the sim- 
ple basis possible velocity. The elementary formula for the carrying ca- 

velocity (feet per hour) 
Thus, expressways save highway area. Additional economies limited access 
expressways include fewer officers, and less traffic control equipment— 
plus their added safety. 

The points greatest traffic volume major cities are not the downtown 
business centers—nor have they been for many years. Actually, city 
2,000,000 population, the total vehicular traffic the maximum hour showed 
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the principal downtown crossroads clock only 40% and 45%, respectively, 
the peak hour volume arterial points miles the northwest and miles 
the north the downtown point. the principal highway, vehicular 
traffic volume increased progressively for miles from the main business 
center—then tapered off continuously. During evenings, every intersecting 
street feeds additional vehicles into the principal artery traffic, and also 
drains some off; the mornings, the reverse true. 

This same main highway reflects other conditions that oppose the author’s 
arguments against limited access highways. Thus, even 1930, before today’s 
aggravated conditions, the average vehicular speeds, inbound and outbound, 
were found follows, for the distances shown from the center the 
downtown business area: 


Distance oom center, Speed, in miles 


miles per hour 
19.5 
20.5 
5-6. 


(Maximum traffic volume occurred speed 19.5 miles per hr.) These 
statistics show that the volume vehicles, alone, does not control the aver- 
age speed; rather, more important influence speed the number in- 
tersecting streets where drivers must edge” more constantly. 

Although agrees with the author that expressways will increase the need 
for parking facilities, the writer feels that such induced increase will slight 
and that the large percentage persons who conveniently can will prefer 
public transportation driving their own cars; nor the facts sustain the 
author’s statement that major cities have failed develop modernize their 
public transport facilities parallel with increasing use the automobile for 
personal transportation. Mass transportation private companies has 
proved unsuccessful, financially, that the number such operators has 
declined, merger otherwise, from 1,200 1922, 478 1937. Still, 
spite such decline, total transit passengers gained 50%, from 15,600,000,000 
1930, 23,400,000,000 1946; the same period, private automobile 
registrations, which are some measure car usage, increased only 28%. 

1920, the United States had operation 800 miles subway and elevated 
lines; 1935, this had increased 1,230 miles. Since the 1920’s, the City 
Philadelphia has expended approximately $170,000,000 for municipally-owned 
high-speed transit facilities; New York City has added greatly its high-speed 
system. Much additional mileage would have been built had not been for 
long economic depression, followed long war that precluded construction. 
some major cities, the local governments have stepped with transit im- 
provements when bankruptcy faced the private corporations. 

The author makes point that expressways not prevent the healthy 
tendency decentralize. Actually, expressways accelerate decentralization. 
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The fact that decentralization has been underway, progfessively, many 
cities, since long before the impact the motor vehicle. Then, too, cities 
expanded, did business, industry, and homes over larger areas; yet, popula- 
tion statistics urban places show clearly the absolute need for greater de- 
centralization follows: 


Population Percentage 
(millions) total 


39.5 
45.7 
51.2 
56.2 
56.5 


one should expect crowd the commercial, industrial, and social activities 
such tremendously increased populations into the downtown central city 
areas they existed the turn the century. Planners dare not attempt 
restrict changes modes living that improve conditions. Workers, today, 
travel daily miles their jobs when, formerly, the majority factory 
employees lived within walking distance their occupations. Few workers 
who drive risk the conflict with city traffic, so, wherever possible, they use 
faster alternate routes. 

Statistics show, too, that workers’ traffic peaks occur different hours for 
cities different population groups. Industrial employees usually start and 
quit work much one hour earlier than office store workers. Great 
numbers industrial workers seldom see the downtown area, because they 
live and work other parts. Decentralization proper trend, with com- 
munity shopping and theater centers surburban areas; expressways and 
other highway and transit facilities are made necessary bind such sections 
together more effectively. Another traffic peak found most cities 
about p.m.—the entertainment peak. Surely, this evening vehicular traffic 
cannot lured, any appreciable volume, the mass transportation lines. 
This traffic profitable general business; will avoid unreasonably congested 
routes, but will make practical use improved facilities, even they toll 
roads. 

The author’s statement that timid drivers and suburban matrons are 
afraid expressways and will not use them not sound ground. Records 
urban accidents show that 70% more collisions between motor vehicles 
occur intersections than points other than intersections. This 
striking point argument favor limited access highways—with limited 
intersections. further support, and explains the reasons, for the tabula- 
tion made earlier paragraph, that the slowest urban vehicular speeds are 
realized nearer the city center although traffic volume here not maximum. 
Obviously, the greater number street intersections and the greater num- 
ber vehicles turning onto off the main traffic artery, well pedes- 
trians crossing (as they near the city business center), slows the 
appreciably. 
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Records rural areas showed that only one out 11.6 accidents occured 
intersections. Beyond doubt, street intersections are the principal scenes 
urban motor accidents, and eliminate such points probable accident, 
expressways otherwise, step toward safety. The suburban matron 
shopping tour would find other statistics favoring her hours travel—the 
incidence urban traffic accidents occurring the following order declining 
importance: 


Severe periods 


traffic accidents Time 


On-the-site observation, well study street maps, reveals few larger 
American cities with the inconsistencies their central city street layout that 
the author mentions, and for which prescribes razing obstructions and filling 
harbor indentations make route. rather remarkable rec- 
tangular pattern streets, with certain radials, prevails New York, Chicago, 
Ill., Philadelphia, Washington, C., Toronto, Ont., Canada, Seattle, Wash., 
San Francisco, Calif., Portland, Ore., New Orleans, La., Minneapolis, Minn., 
Saint Paul, Minn., Milwaukee, Wis., Los Angeles, Calif., Kansas City, Mo., 
Indianapolis, Ind., Detroit, Mich., Denver, Colo., and others, spite the 
fact that many these face curving lakes rivers with the attendant 
uniform layout. Few American cities can called bad; and, 
here, was nature who made certain requirements. For example, cities with 
layout include Baltimore, Md., Buffalo, Y., Cleveland, Ohio, 
Pittsburgh, Pa., St. Louis, Mo., and (perhaps the worst) Boston, Mass. How- 
ever, such European cities Paris, Vienna, Austria, and London, England, 
where difficult find rectangular pattern downtown, may really 
classed bad. the other hand, consider the age these Eurpoean cities. 
for filling the harbor indentations, being done Rio Janeiro, 
Brazil, for boulevard drive park section, this would impossible 
port city with piers and docks jutting into the harbor. Also, such filled 
route across harbor would provide limited access highway, least for the 
length such cutoff, improvement that the author opposes favor city 
streets with frequent intersections. 

the author has complete remedy, simply keeping vehicles out the 
city and putting mass transport underground, does not need additional 
corrective measures. Actually, mass transport were put below ground 
suggests, could longer suffer from the motorist; the latter could then 
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blame one but the motorist for any difficulfies, had any. Actually, the 
automobilist would have difficulty with traffic, mass transport were off 
the streets. winter strike all operators subway, elevated, trolley, bus, 
and taxicab lines Philadelphia created utopian condition for the motorist; 
wished the strike would never end. This drastic step taking mass 
transport off the surface aid traffic not recommended; mass transport 
vehicles are troublesome, but necessary. 

The author suggests more one-way streets, more traffic controls, and 
elimination curb parking and truck servicing during business hours. Ex- 
perience shows that most cities have approached the solution these problems 
quite well. Philadelphia has 480 miles one-way streets, nearly 22% its 
2,200 miles paved streets. Probably, curb parking the worst offender; and 
the easiest correct, although the parker has certain rights, especially 
paid taxes for the street which parking restricted. Newer buildings are 
constructed provide off-street truck handling, but one cannot legislate against 
the current practice; nor would one sensibly wish anything harrass 
destroy industry, the lifeblood community. Some relief this problem 
accomplished pickup trucks, which retail loads between the various build- 
ings and the motor truck terminals, thus reducing the number and size 
vehicles the downtown streets. 

The author’s statement that subways can built lower cost, and 
self-liquidating and profit-returning basis, will find little factual support. 
Municipal experts and transit operators are agreed that subways cannot 
financially profitable. Local expressways could charge tolls similar the 
successful practice with superhighways and bridges. Excellent arrangements 
include planning for joint development and use combined right way for 
vehicular and rail traffic side side. old plan was use the same bridge 
for joint rail and highway crossing, with economy for both users. Some 
combined usage limited access facilities public and private conveyances 
just sane the practice combining them city street state 
highway. 

Mr. Bradfield’s statement that cities with densest centralization have the 
most extensive mass transport systems, and vice versa, merely observation 
economics; sound railroading depends revenue per mile, but mass trans- 
port cannot built sparsely settled sections with few riders per mile. 
Therefore, one can expect find ample transit lines densely populated 
territory, but one cannot expect find satisfactory public transport where the 
area thinly settled. citizens tend toward the construction homes 
with larger lots ground away from the city centers, people will find in- 
creasing tendency toward greater use the private automobile, instead 
travel public utilities entirely, even though the private car may used 
only reach convenient line high-speed transit, for shopping relaxing 
the neighborhood center. 

Conclusion.—Cities must planned today, they always have been, for 
the foreseeable needs. Today, the planner can foresee farther than former 
times. The earlier American colonial cities were built for the horse traffic 
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the day—even the horse car lines were not foreseen when many these cities 
were planned. The trolley cars the 1890’s were not anticipated the 
1600’s the 1700’s, even the 1850’s, and provision was made for them. 
Many downtown streets have never been widened, spite the fact that the 
city’s population may have increased fivefold, tenfold, twentyfold. 

The greatness city depends upon the ease with which the people and 
their business can move from one part another, and from any and all parts 
the outer world. and high-speed traffic arteries various 
types, are economically sound the turbine driven steamship today 
comparison with the sailing vessel yesteryear. Actually, given volume 
traffic can carried lower expense—for construction, maintenance, and 
operation—on limited access route than ordinary city street. Mass 
transport, for freight well for passengers, must developed cities, 
because merchandise vital. Although, any metropolitan area, may 
difficult always justify each modernization improvement its own 
basis, engineers dare not obstruct progress. Economically, the old community 
hand pump cost less operate than does municipal water supply, but people 
prefer the latter; they must bear the costs they want the comforts. 

city 100,000 more population can the public served adequately 
mass transport facilities, the enterprise succeed financially. Private 
automobiles and taxicabs must supplement the streetcar bus, especially for 
the off hours. Nevertheless, few cities 100,000 population would think 
expressways, although such cities are entitled have through streets for faster 
movement traffic, well by-pass routes. for subways, all the mass 
transport the author claims now move end end the surface 
the many downtown streets—were placed one more subway 
loops, impossible condition would arise. 

Flow traffic very similar flow water—a common formula for the 
volume either being, equals cross section times Traffic 
flow, like the flow water, greater where the conduit smooth, with few 
laterals create side eddies. Much can accomplished observation 
the simple principles flowing water and applying these principles the 
handling traffic. 

One fact clear, when the various the author are put 
together: all vehicles (private and mass transport) are taken from the 
streets, expressways will uneconomic; expressways will also unnecessary— 
as, indeed, will the streets. 


had such learned discussions this paper and find that the little valid 
adverse comment must indicate rather general assent the basic premise. 

Mr. Steigelman presents interesting but somewhat extreme projection 
the basic theory advanced the paper when recommends prohibiting all 
private passenger cars from the congested areas, and proposes the erection 
radial artery perimeter parking facilities the innermost limits private 
vehicular travel. Mr. Steigelman would place these travel termini around the 
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edge the downtown zone and suggests either walking surface mass trans- 
portation equipment accomplish circulation within the critical area. 
first, this would appear radical step insure freeing streets from con- 
gestion. However, view the steady, inexorable increase motor car 
registration, who can deny that some day such drastic move may necessary? 

any rate, although scarcely necessary now the foreseeable future 
(since such problems have way solving themselves), the possibility that 
some kind prohibition ultimately may required should kept mind 
all city planners and devisers corrective measures. Incidentally, 
strong argument against too-liberal provision urban expressways for 
local traffic when such facilities are not carefully balanced with adequate mass 
transportation. 

The excellent discussion Mr. Lewis adds greatly the paper. The only 
comments the writer believes justified are the following: 


The third paragraph, under the heading, for Intercity Traffic,” 
was intended convey the thought that the urban expressways needed for 
intercity traffic would automatically valuable for much cross-the-city 
traffic and, similarly, for intracity vehicular movements. any case, the 
writer agrees heartily with Mr. Lewis’ statement: the inner sections 
such [expressway routes should designed that they can also take care 
intracity traffic *.” 

stated the paper (under the heading, for Local 
the writer believes all curb parking should prohibited during business hours 
the congested zone. Meter controlled parking, suggested Mr. Lewis, 
much traffic flow deterrent unlimited curb parking and there 
justification for such retarding influences. 

The writer feels not putting cart before the state 
that the cities with the most centralization have the most extensive mass 
transportation systems. Cities become large for economic reasons, not be- 
cause local mass transportation facilities. such cities, business people 
tend group together the smallest possible cluster centers because, 
now, communication device ever used satisfactory, the final 
analysis, personal face-to-face contact when consummating, arriving at, 
Somewhat belatedly, transportation usually follows this group- 
ing move the workers and out these trade profession centers. The 
centralization originates first and then transportation somehow blunders along 
least partial adequacy. If, chance, adequate transportation should 
fail evolve, obviously the entire scheme would bog down, decentralization 
would result, and large investments downtown properties would de- 
preciated unreasonably short time. This process now occurring 
too many cities. 


The only method maintaining the value (and taxable assessment) the 
downtown area improve the mass transportation service that area 
keeping with the demands the greatest number people desiring move 
and out the district. 
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discussion urban expressways and urban mass transportation facilities 
could considered complete without.the comments Mr. Barnett provide 
the reaction those who lean toward liberal provision expressways. Mr. 
Barnett’s statement that there are about fifteen cities with combined city 
and satellite populations 1,000,000 more is, course, accurate. How- 
ever, when realized that the total population these metropolises 
approximately fourth the total population the entire United States, 
the urgency solving the transportation problem properly readily apparent. 
Eleven these fifteen cities not now have off-the-surface mass transpor- 
tation any consequence. these cities, which are the utmost impor- 
tance the national economy, fail meet the demand for adequate transpor- 
tation incur huge indebtedness for type facility which does not halt the 
too-rapid tendency toward blight their downtown areas, disastrous municipal 
financial conditions could easily arise. 

Mr. Barnett clearly indicates, surface mass transit vicious cycle 
leading only ultimate strangulation and, seemingly, not the answer 
the problem. certainly follows that, planners make still easier and more 
attractive for the motorist bring his car into the zone congestion, such 
policy can only accelerate this eventual strangulation. The inescapable fact 
that the greatest number people desiring enter and leave the downtown 
areas daily would use mass transportation facilities the service were adequate. 
These are the people who must considered, and whether they should 
encouraged use private motor cars building network expressways 
whether, instead, they should discouraged from the use automobiles 
furnishing adequate mass, rapid transit, the crux this entire discussion. 

not the occasional traveling salesman, the service mechanic, the 
insurance collector who congests cities when brings his very necessary car 
downtown. Instead, the intolerably large number people who merely 
drive and from their place employment and leave their cars idle all day. 
They are the motorists that must either accommodated discouraged. 

The writer gathers from the comments Mr. Jones that the paper was not 
sufficiently lucid. there was intention that should interpreted 
meaning all downtown vehicular traffic unnecessary Mr. Jones states. 
Instead, the paper seemed the writer clear remarking that much 
the downtown vehicular traffic arising from motorists merely going places 
employment keeping business appointments was not really mandatory and 
these people could served adequate mass transportation. 

Again, the paper would quoted more accurately Mr. Jones’ discussion 
read “many” instead when commenting the number cities 
with imperfect grid patterns street layout. 

Still again, the writer unable find the paper any statement which 
could commented on, thus: the author’s statement that expressways 
are unnecessary inside cities, but are needed between cities debatable.” 
Instead, the writer tried state opinion that expressways were needed 
cities for intercity and cross-the-city (and such incidental local traffic 
could advantageously use the facilities), but that the immediate need for 
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expressways for purely local shuttle traffic could not determined accurately 
positively until all possible methods handling this movement volume 
improved mass transportation facilities had been thoroughly exploited. 

Mr. Jones further states: nor should the confine his planning 
circumferential expressway belts the only geometric pattern.” part 
this paper recommends any expressway pattern. Incidentally, the more 
important expressways Mr. Jones describes are actually “tan- 
gential,” the writer recommends, and are basically for intercity satellite 
community traffic. 

The paper should not have given the impression that the writer proposed 
prohibiting the taxpayer from using his downtown streets. did recommend 
discouraging the use these thoroughfares unless the need was actually 
mandatory—a quite different approach. this connection, there seems 
impropriety policy discouraging taxpayers from using various 
tax-supported facilities unless they have urgent need for them. Cases 
point are old people’s homes, welfare clinics, and mental hospitals. 

Unfortunately, Mr. Jones assumed the writer’s statement the 
elevated trackage along Market Street (Philadelphia, Pa.) meaning 
the Market Street Elevated (rapid transit) west the Schuylkill River. 
Instead, the elevated trackage (railroad) along Market Street between the 
Schuylkill River and Broad Street Station was the intended example 
element interference with consistent city growth. The cited example 
railroad fill) known Philadelphia the “Chinese and the need 
for its removal has long been familiar source complaint the part 
most Philadelphians. 


Other comments the writer feels may justified when considering Mr. 
Jones’ discussion are: 


Citing accident frequency table contradict the statement that 
timid drivers avoid high-speed expressways does not appear germane. 

Mr. Jones’ criticism that streets projected over filled harbor indenta- 
tions, recommended the writer, would objectionable appears 
hypercritical. 

Despite Mr. Jones’ skepticism, the writer believes self-evident that 
the net cost the taxpayer off-the-surface mass transportation facilities 
confined the downtown district, even not entirely self-liquidating, will 
measurably less than the tremendous, nonrecapturable outlay required for 
extensive network urban expressways covering every part city except 
the downtown district. Expressways cost about $5,500,000 per mile and 
subways approximately $7,500,000 per mile. Obviously, the first cost 
central zone subways will immeasurably less than city-wide network 
expressways, and even the most skeptical cannot help but admit that some 
revenue will collected defray part the rapid transit cost. the other 
hand, the expressways will return nothing and will entail constantly growing 
unliquidated maintenance cost. 

The writer agrees with Mr. Jones that “Cities must planned today 
for the forseeable needs” but cannot agree that they always have 
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*.” There little evidence that past city planning has been any 
more than unrelated series expedient measures arising from waves 
indignant pressure political groups. Furthermore, the writer doubts that 
the future definitely indicates return modern version the personal 
horse and buggy—the personal automobile—and the gradual atrophy mass 
transportation. There little place modern metropolitan areas for personal 
transportation—antiquated modern versions—and the only feasible, 
sound, procedure for moving large volumes people from place place 
mass transportation equipment. 

Mr. Jones’ analogy hand pump compared modern municipal 
water supply supports the writer’s contention. The hand pump was the 
personal facility—personal transportation, albeit either horse and buggy 
automobile—and the municipal water supply the mass facility—mass 
transportation. 

There seems little evidence support Mr. Jones’ contention that 
subways cannot accommodate all mass transportation equipment. There 
are relatively few surface transit vehicles operating Manhattan (New York, 
Y.) streets and the subways, although often overcrowded, successfully bear 
well-nigh the entire transportation burden. 

Despite Mr. Jones’ statement, the writer does not recommend that: 
suggest, however, that unnecessary surface traffic reduced and that mass 
transportation measurably improved. this done, quite possible 
that Mr. Jones’ expressways will uneconomic; expressways 


the paper was not entirely clear all respects, erroneous impressions 
were given, brief restatement may justified. The paper was, essence, 
plea for moderation current city planning—an admonition that broad 
thinking the entire subject, not just the motorists’ woes, might indicated 
before arbitrary steps are taken. 

The United States largely nation extremists. Its citizens will endure 
and tolerate condition for far too long and then, suddenly, wish alter the 
entire situation immediately. 

Most cities are already burdened with heavy tax load brought about, 
many instances, past inadequate expediencies hastily planned measures 
which failed cope with overevaluated underevaluated problems. 

This traffic problem and its effect the economic well-being cities 
the United States matter great concern. proper solution the 
dilemma must found. The cost either expressway network 
composite system with some expressways and some intensively 
mass transportation facilities will huge and, the wrong decision made, 
there could serious economic repercussions. 

Some guidance may found from past experience. There was time when 
personal transportation, the form horse and buggy, threatened drive 
the lumbering omnibus from the city streets. However, instead this, the 
horse car and cable car (the rapid transit their day) were provided and the 
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seeds the present growth modern downtown districts sown. Again there 
has arisen form personal transportation that strangling the existence 
the lumbering buses and street cars. The writer believes quite possible 
that the wiser course would concentrate planning efforts rectifying the 
shortcomings mass transportation and redeveloping the utmost before 
saddling the taxpayers with still more debt largely for the benefit people who 
desire luxury type transportation their places employment. 
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AMERICAN SOCIETY CIVIL ENGINEERS 
Founded November 1852 
TRANSACTIONS 


Paper No. 2396 


SOME EFFECTS ANAEROBIC DIGESTION 
SEWAGE SLUDGE 


That anaerobic digestion sewage sludge effects marked reduction the 
biochemical oxygen demand and coliform group density thereof, 
well radical change sludge characteristics, well known. The extent 
these phenomena, however, does not appear have been very well explored, 
and factual data relating thereto have been gleaned from research leading to- 
ward other objectives. 

This paper relates the results investigation aimed discovering the 
numerical value some the changes occurring digesting sewage sludge. 
The work was inspired experience the disposal digested sewage sludge 
from temporary military establishments during World War II, and public 
health regulations some states the effect that digested sewage sludge may 
not discharged into state waters, fresh salt. 

Results the investigation indicate that, where sludge banks will not 
formed, there little, any, reason why well-digested sewage sludge may not 
disposed dilution along with primary, clarifier effluent conditions 
will permit-disposal the latter with safety. 


INTRODUCTION 


The disposal digested sewage sludge presents many perplexing problems 
and, times, constitutes the major one sewage treatment. long well- 
digested, wet sewage sludge continues viewed relatively dangerous 
substance, its final disposition will presumed accompanied with great 
risk unless, prior final disposal, rendered completely innocuous the 
destruction all its original, dangerous characteristics. 


November, 1948, Proceedings. Positions and titles given are those effect 
when the paper discussion was received for publication. 


Engr. and Gen. Los Angeles County Sanitation Dists., Los Angeles, Calif. 
Formerly Sewage Plant Chemist, Los Angeles County Sanitation Dists., Los Angeles, Calif. 
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The purpose this investigation evaluate the effect returning 
digested sludge primary effluent prior disposal the latter 
Conclusions are drawn measuring the changes which occur 
bacterial population, grease, quantity solids remaining, and other character- 
istics, after being digested under varying conditions, from days days 
and then computing the effect recombining digested sludge with primary 
effluent. 

GENERAL DESCRIPTION EXPERIMENTS 


Experimental work for this investigation was conducted the joint disposal 
plant the Los Angeles County Sanitation Districts, Los Angeles, 
Work the investigation was commenced February 28, 1946, and still 
continues some phases. Tests were made sludge incubated bottles and 
also sludge taken from the digestion tanks the disposal plant. general, 
the observations digestion phenomena were made three series samples. 


Raw Solids Sludge 


Taken from here Taken from here 


(a) Section 


Raw Solids 


Plan 
County Los ANGELES CALIFORNIA 


Before proceeding further with the description the experiments, attention 
directed the design sludge digestion tanks the districts’ plant. The 
tanks are designed four stages* with intertank piping that sludge dis- 
charges gravity from the bottom the tanks each stage into the top 
the tanks the next stage, shown Fig. Seed sludge from the last 
fourth stage returned the first stage. stirring provided other than 
that which results from the flow sludge through the tanks. The formation 


Sewage Sludge Rawn, Perry Banta, and Richard Pomeroy, 
Transactions, ASCE, Vol. 104, 1939, p. 93. 
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scum mats actually encouraged this design. Cleaning the tanks 
necessary from 4-year 6-year intervals, but between cleanings the auto- 
matic segregation and retention the lighter solids results excellent plant 
performance. the time the tests reported herein, the average detention 
period the sludge the digestion tanks was days; and that tank No. 
approximately days. 

more detailed description the procedure with each the three series 
laboratory tests follows: 


ten specimens comprising this series were each composed 
83% volume untreated sewage sludge from primary sedimentation and 
17% volume digesting sewage sludge from the fourth stage the sludge 
digestion tanks. 

Series five specimens this series were taken directly from the 
fourth stage the digestion tanks and allowed continue digestion for 
days. The age the sludge when was taken from the tanks was assumed 
days. 

Series 3.—The three specimens included this series were taken from the 
outlet the first stage the sludge digestion tanks and allowed continue 
digestion until the age days. When taken from the tanks, the average 
age the sludge, including recirculated seed, was estimated days. 


each the series, sludge digestion was instituted continued 2-liter 
bottles 85° under gas pressure about 0.33 per in., thereby simula- 
ting conditions obtainable the districts’ digestion tanks. 


determined the method given Methods for the Examina- 
tion Water and 5-day B.O.D. values that appear 
neither true nor reliable. 


every case the B.O.D. value TABLE 
obtained indicated oxygen deple- SLUDGE 

tion lower than that calculated 

the basis sludge removal 

from the sewage entering the ROD 

ppm, whereas the determination 
sewage passing through the Mean 12,100 


treatment plant would indicate 
that the B.O.D. the raw 
sludge should 20,000 ppm. 
The relative strengths solids contained sewage have been indicated 
for the Examination Water and Am. Public Health Assn., New York, 


Coagulation Sewage; IV. B.O. Soluble and Dispersed Rudolfs 
and Gehm, Sewage Works Journal, Vol. 537. 
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general pattern verify the conclusions that district measurements the 


steac 
fair and consistent value. 


experimental work indicate that without constant agitation dissolved oxygen 
not continuously available 

the oxygen-demanding sludge 
sludge specimen being tested for 
Because equipment for 
continuous agitation was not 
available for this experiment, 
was decided measure the 
the usual way, with subsequent 
application suitable corrections 
accordance with Fig. 

The most practical procedure 
for the purpose this research, 
and one which has been used 
correlating results other dis- 
trict investigations, appears 
sponding oxygen depletion 
ppm about 50% the availa- 
ble oxygen the incubated mix- 
ture. The results obtained are 
probably lower than would 
found the most favorable con- 

about 75% great might 
expected from the B.O.D. indicated analyses plant influent and effluent. 
This, however, not overly important for the purposes which the tests are 
put. conclusions herein are based percentage reductions B.O.D. 
the sludge, and these percentages are valid the various B.O.D. results are 
comparable with one another. believed that the arbitrary selection 
depletion ppm standard gives results which are comparable. 


Percentage Value 4.0 ppm Depletion 


The changes occurring during digestion 5-day B.O.D. the three series 
sludge samples are shown Fig. series (Table the B.O.D. value 
the sludge, after dropping temporary low the fourth day, rose the 
twentieth day value higher than that initially indicated and then declined 


***Determination of Biochemical Oxygen Demand and Dissolved Oxygen of River Mud Suspensions,” 
and Allan Moore, Industrial and Engineering Chemistry, Analytical Ed., Vol. 12, 
Pp 


Analysis; Effect Suspended Matter and Daylight Incubation 
Stephenson, Analyst, Vol. 64, 1939, pp. 
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steadily. series (Table substantially all that had been accomplished 
digestion series days was accomplished the stage digestion tanks 
days, and the same was substantially true for series (Table 4), for which 


B.0.D., 1,000 ppm 


Digestion Period, Days 


TABLE 5-Day OxyGEN DEMAND 
FoR SERIEs 


1,600 


* Upper value is 5-day (20° C) B.O.D. of digesting sludge; lower value, digestion period in days. 


the samples were taken after days the first stage the four-stage digestion 
tanks. 


This series experiments was not performed indicate the efficiency 
four-stage digestion any other type digestion but illustrate the very 


the 
Specimen 
D- 1 —— 7,000 10,100 8,900 2,900 1,400 1,400 1,200 1,200 
yn 0 10 20 30 40 50 60 72 80 
2 —— 10,100 11,900 13,600 10,400 10,000 3,900 2,100 1,400 
WwW 0 10 20 30 40 50 63 70 83 
De 3 tage 9,400 13,100 10,400 11,800 11,000 8,300 3,800 1,900 . 
0 10 20 30 40 50 60 72 81 
12,200 11,300 11,000 11,600 11,000 6,000 2,300 1,500 
t 0 10 20 30 40 50 60 70 79 
ved 5 { 9,300 9,000 10,000 9,700 10,100 11,400 9,300 3,200 Pree i 
re 0 10 20 30 40 50 60 82 seve 
6 13,900 | 11,500 15,300 10,300 9,600 2,100 1,400 1,100 Sax 
10,200 10,600 10,500 9,300 5,000 2,000 1,500 1,200 
0 2 12 22 32 42 51 64 82 
0 8 18 28 38 62 70 80 sees 
10,600 7,400 12,000 11,600 10,200 11,000 9,700 6,100 2,900 
{ 0 4 14 24 34 43 56 74 — 
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wide difference between series the one hand, and series and the 
other. should impress the investigator with the time required for adequate 
digestion functioning digestion tanks, compared with the time which 
might required starting from scratch with bottle specimens. 


TABLE 5-Day DEMAND 
For 


Specimen 
No. 
(1) (2) (3) (4) (6) (7) (8) 
1 2,040 1,570 1,200 1,160 1,010 980 
2 2,000 1,460 1,470 1,330 1,160 1,000 
2,660 1,700 300 1,330 
4 asthe 2.640 1,550 1,910 1,000 860 850 
Mean 2,340 1,570 1,220 1,200 995 955 


« Average B.O.D. of sludge entering digesters. 


series clearly indicated that after initial drop B.O.D. there 
subsequent rise value greater than that initially determined. Although 
this series experiments was not conducted determine the reasons for this 
occurrence, speculation indicates that, after short period digestion, some 


TABLE 5-Day DEMAND 
FOR SERIES 


Specimen 
No. 

(1) (2) (3) (6) (7) 
1 6,300 4,000 3,000 2,200 1,800 
2 4,700 3,600 2,600 1,400 1,800 
3 —_ 4,600 3,000 2,300 1,200 900 
Mean 11,100¢ 5,200 3,530 2, 1,600 1,500 


Average B.O.D. sludge entering digesters. 


the compounds initially resistant bacterial oxidation may have changed 
the extent rendering them more readily available bacterial food—for 
example, the well-known conversion certain insoluble material soluble 
volatile organic acids. This supposition verified partly the continuous and 
unchecked reduction organic solids throughout the experiments series 
despite the fluctuating B.O.D. values. assumed that the conditions 
the stage digestion tanks and other functioning digestion tanks either fore- 
stall the rise B.O.D. noted series else mask it. The work 
Ingols and Assoc. ASCE, indicates that B.O.D. changes 
raw sewage stored anaerobically varied unpredictable manner. 


Engineering and Municipal Sanitation, Vol. 17, 1946, p. 315. 


Oxygen Demand, 1,000 ppm 
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Examination the data for series discloses marked reduction B.O.D. 
values days, and fairly consistent reduction until the age days 
reached. Comparison the three series indicates the best reduction for 
series something less for series and the least effective for series 
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Digestion Period, Days 


check the observed B.O.D. values for series the total oxygen de- 
mand the digesting mass calculated, using basis estimate, taken 
from the unpublished notes Richard Pomeroy, which indicates that each part 
the organic matter the digesting sludge requires 2.1 parts oxygen for its 
complete oxidation. Fig. illustrates the conclusion that all times the ap- 
parent 5-day B.O.D. series was much less than the total oxygen demand 
the digesting mass. 
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The percentage total oxygen demand exerted biologically days 
reached maximum 26% between days and days. 33% added 
the values allow for error the method determination, and, 
assumed further that this 5-day value 68% the first-stage 
appears that little more than one half the organic matter 
this stage readily susceptible biological oxidation. the end days 
only 11% the remaining organic matter similarly available for bacterial 
food. 

The B.O.D. the sludge series was reduced from 11,100 ppm (observed 
955 ppm, 91.5% days. the Los Angeles districts’ dis- 
posal plant, sludge removed from raw sewage the ratio part wet sludge 
(at about 96% moisture) from 208 parts sewage. Estimating sludge volume 
reduction (by removal supernatant liquid and reduction volatile matter) 
40% the end 60-day digestion, the volume digested sludge bears the 
ratio the primary effluent part digested sludge 350 parts effluent. 


Percentage Total Solids 


Period, 


Samptes Durinc DicEsTion 


the basis corrected values, the the digested sludge appears 
1,275 ppm (measured 955 ppm). The average B.O.D. the effluent 
during the investigation was 150 ppm. Therefore, the return the digested 
sludge the primary effluent would increase the B.O.D. the latter 2.1%, 
from 150 ppm 153.2 ppm. 


Total solids were determined weighing and drying 20-g portion 
sludge the conventional manner. Solids determined are probably lower 
than those that are actually present due the loss volatile organic matter 
and ammonium carbonate during the drying process. However, the results 
are used determined. Ash was identified ignition the dry solids 
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electric furnace dull red heat for hour. Analytical results for total 
solids and ash are shown Tables and and are presented graphically 
Fig. 

The observations with respect B.O.D. behavior during the test run are 
not paralleled the observations solids reduction. Series fared better 


TABLE Data For 


eo & @ 6&6 6 & @ 


1.07 


Upper value percentage total solids; lower value, digestion period days. 


Ace or Siupep, Days 
Specimen 
No. 


(1) 


Mean 


. _ Average solids content of raw sludge for period, corrected for 11% over-all seeding with digested 
sludge. 


than series and series was the least affected. Comparison percentage 
reduction volatile matter series and shown Fig. Results 
series are not shown because their erratic nature. part they paralleled 
series and part they varied widely. thought that the methods 
taking samples from intertank connections and calculating the original 


Specimen Ash 
(2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
0.94 3.02 3.02 2.84 2.47 2.25 2.19 2.16 2.16 
1.07 3.47 3.49 3.33 3.26 3.10 2.86 2.62 2.62 
1.51 4.51 4.09 3.98 3.76 3.60 3.42 3.14 3.19 
1.22 4.18 3.96 3.63 3.48 3.17 3.02 
1.03 3.90 3.66 3.34 3.32 3.22 3.12 3.18 2.74 
1.22 4.69 3.88 3.78 3.44 3.10 2.97 2.92 2.88 
1.06 3.72 3.34 3.26 3.07 2.78 2.56 2.34 2.44 
0.83 3.09 2.84 2.73 2.72 2.57 2.26 2.20 2.20 
0.95 3.20 3.10 3.04 3.12 3.08 2.86 2.54 2.36 
0.88 3.22 2.92 2.80 2.78 2.46 2.28 
(2) (3) (4) (6) (7) (8) (9) 
0.94 2.56 2.32 2.28 2.24 2.20 2.14 
0.93 2.52 2.32 2.30 2.26 2.07 1.97 
1.13 2.78 2.66 2.56 2.50 2.48 2.32 
0.97 2.76 2.46 2.34 2.33 2.26 2.00 
0.99 2.66 2.44 2.37 2.33 2.25 2.11 
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solids content are responsible for the nature the results obtained with 


series 


The total solids content series was reduced from 4.19 2.11, 49.6%. 
Assuming that all this would settleable when returned the primary 


Digestion, 


Digestion Period, Days 


Fic. 6.—Comparison or Percentace Repuction VoLaTiLe Matrer Two SERIES OF 
Stupce Sampites Durine Digestion 


TABLE 
PER MILLILITER 


Acp or Sampie, 1n Days 


Specimen 
No. 

(1) (2) (3) (4) 
7,000 2,400 1,300 
6,200 2,400 600 
7,000 6,200 2,400 
7,000 600 600 
7,000 2,400 600 
Mean 6,800 2,800 1,100 


* Average coliform group density of raw sludge for test 
series. corrected for 11% over-all seeding with digested 
udge. 


effluent, its return the ratio 
1:350 would raise the aver- 
age settleable solids the 
primary effluent 1.5 per 
liter. 


REDUCTION COLIFORM 


The most probable number 
(M.P.N.) coliform group bac- 
teria each test was deter- 
mined making lactose broth 
presumptive and brilliant green 
bile broth confirmatory tests 
accordance with aforementioned 


Each M.P.N. was based paired innoculation dilutions from 

During the period this study, primary effluent averaged 51,000 coliform 

group bacteria per ml. the age days the coliform count digested 
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sludge from series averaged 1,100 per ml, whereas days the average was 
6,800 per ml. evident then that the return 11-day sludge 60-day 
sludge from the stage digesters would actually result dilution coliform 
bacteria and that primary effluent will probably suffer degradation this 
characteristic the addition digested sludge. 


Raw solids from the untreated sewage averaged 16,000 ppm (wet basis) 
grease during the investigation. Grease determinations raw and digested 
sludge were obtained acidifi- 
cation with sulfuric acid, TABLE Repuction Data, 


ing, and extraction with ethyl GREASE PER 
ether. Basis) 
Grease determinations 

sludge samples taken from the 
outlet the fourth stage the No. 

districts’ sludge digestion tanks 
The grease determinations were 
inaugurated after the experi- 
mental work was well along and, 3,450 


consequently, are not all made 
original samples reported 
series and However, the tests made 30-day sludge and 60-day 
sludge, shown Table are felt sufficiently typical indicate the 
numerical value grease reduction. 

Primary clarifier effluent averaged ppm grease acidification and 
direct hexane extraction during the period this investigation. Table in- 
dicates that sludge from stage digestion days has grease content 
about 2,500 ppm. the digested sludge days returned the primary 
effluent the ratio 1:350, the grease content the latter will increased 
from ppm ppm, approximately 21%. Similarly, sludge from the 
stage digestion tanks with age days returned primary clarifier 
effluent, the grease content will increased from ppm about 44.5 ppm. 


EFFECT DIGESTION CHLORINE DEMAND 


For the purpose this investigation, the chlorine demand defined the 
parts per million chlorine added diluted sludge which are required pro- 
duce apparent residual chlorine content 0.1 ppm after 15-min contact 
period. Dilution the sludge was required order observe color changes. 
Chlorine demand raw sludge during the investigations varied from 950 ppm 
to1,000 ppm. sludge had demand about 600 ppm, whereas 
primary effluent had demand ppm. the 60-day-old digested sludge 
from series were returned the effluent the ratio part the former 
350 parts the latter, the chlorine demand the effluent would raised 
37.7 ppm, about 4.7%. 
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Each case involving the disposal digested sludge with effluent from 
primary subsidence treatment process must considered its own merits 
and conclusion stated hereinafter, should interpreted with special em- 
phasis the statement, sludge banks will not formed.” This 
qualification removes the conclusion from generalization, but indicates that, 
under certain conditions, there are situations which the disposal digested 
sludge with primary effluent should seriously considered having 
public health nuisance implications and effecting major economies 
sewage treatment and disposal. 

One the major reasons for primary treatment sewage prevent the 
formation deposits raw sewage solids commonly termed “sludge banks.” 
Such deposits will putrefy and cause foul odors they become exposed the 
air; they may release hydrogen sulfide overlying bodies water; and they 
may cause oxygen demand the receiving stream greater than indicated 
the the raw sewage, because the solids may retained the 
vicinity the point discharge until relatively large fraction the ultimate 
satisfied. 

These objections largely disappear the sludge taken out, digested, and 
then returned the effluent. However, the authors would loathe con- 
clude that disposal the digested sludge with primary effluent stream, 
lake, tidewater justified where sludge banks even well-digested 
sludge will accumulate—hence, the qualification conclusion 

pollution the receiving waters raw sludge also matter 
concern. Chlorination raw sewage not likely 100% effective be- 
cause the bacteria are sheltered solids and sludge particles. If, however, 
the sewage settled, the effluent may effectively chlorinated, and the 
sludge digested the destruction intestinal bacteria great that with 
digestion periods from days days under most conditions (and 
shorter periods controlled tanks), appears that the sludge can returned 
the effluent with more health hazard than inherent the disposal 
primary effluent, even when the latter chlorinated. 

the disposal sewage into the ocean important reason for primary 
treatment eliminate floating material. Skimming alone will not accom- 
plish this satisfactorily, because some solids carried down the sludge into 
the sludge banks may later break loose and come the surface. the 
digestion process the sludge disintegrated that substantially all the float- 
able matter can separated. such sludge (minus scum-forming solids re- 
tained the digestion tanks) discharged with the effluent, nuisance from 
floating solids should result. 


CoNCLUSIONS 


Under digestion conditions such as- those existing the Los Angeles 
County Sanitation Districts’ joint disposal plant, addition sewage solids 
that have been digested for days (the first days which have been spent 
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the four-stage digestion tanks) primary clarifier effluent (the latter 
itself having average 5-day (20° B.O.D. 150 ppm) will, the average, 
change the characteristics the primary clarifier effluent manner similar 
the following: 


(a) Increase the 5-day (20° 3.2 ppm, 2.1%; 

(b) Increase the settleable solids 1.5 per liter; 

(c) Slightly decrease the coliform bacterial population; 

(d) Increase the grease content from ppm ppm; and 

(e) Increase the chlorine demand from ppm 37.4 ppm, 4.7%. 


Substitution 11-day-old sludge from the districts’ four-stage digestion 
process for 60-day-old sludge will not materially alter the foregoing condi- 
tions have any appreciable effect the characteristics the mixed 
and digested sludge. 

The increase grease content probably not such order in- 
fluence the appearance slick outfall site. 

general, the influence adding 11-day-old 60-day-old sludge 
primary clarifier effluent probably less than daily variations the character 
the effluent itself. 

Wherever sludge banks will not formed, there appears valid 
reason why 60-day-old, digested sewage sludge may not dis- 
posed dilution along with primary clarifier effluent conditions permit 
disposal the latter with safety. 
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DISCUSSION 


reduction volatile solids through digestion for 
days the order 50% Therefore, the proposed discharge 
digested sludge will decrease the volatile suspended matter reduction result- 
ing from primary sedimentation one half—that is, primary sedimentation 
removes 70% the suspended matter, the effluent with the digested sludge 
will contain 100% minus 35%, 65% the initial volatile suspended matter 
instead 30%. other words, volatile suspended matter the settled sew- 
age more than doubled through the addition the digested sludge. The 
proposed addition sludge effect cuts the efficiency the sedimentation 
tanks rather more than half. Surely this the truest measure perform- 
ance the suggested sequence operations. 

The writer reluctant apply the 5-day B.O.D. (biochemical oxygen 
demand) test sludges any type; least all digested sludge with count- 
less numbers anaerobic organisms. The B.O.D. results the paper appear 
commentary the futility measuring dissolved oxygen changes 
diluted sludges rather than evidence that the oxygen balance stream will 
benefit. 


Rosert Assoc. ASCE.—Several problems involving the 
disposal sludge the method advocated this paper are interest the 
Washington State Department Health and the Pollution Control Commission 
the State Washington. One example Portland, Ore., across the 
Columbia River from Washington. The aforementioned official agencies 
question the desirability going the expense removing sludge and then, 
accomplish apparent saving, allowing sludge, digested for varying lengths 
time, returned the effluent. Digested sludge properly utilized 
valuable natural resource and seems inexcusable waste the degradation 
streams. becoming common practice utilize sludge the liquid 
state, thereby reducing the need for sludge beds. the State Washington, 
the use liquid sludge under pressure fertilize beneath the surface the 
ground orchards, hop fields, etc., gaining much favor. granted that 
considerable effort will required certain localities develop market for 
sludge. However, where this effort has been made the economic returns have 
justified it. 

The paper Messrs. Rawn and Candell opens many questions, one 
which the significance the 2.1% increase the 5-day (20°C) B.O.D. 
(biochemical oxygen demand) the case stream river below the treat- 
ment plant. The organic matter producing B.O.D. the primary effluent, 
general, will remain suspension and will further digested natural 
aerobic conditions whereas, for the most part, the partly digested sludge will 
settle the bottom the stream and through benthal digestion, which 


* Chemist, Nottingham Sewage Disposal Dept., Nottingham, England. 
1 Senior Public Health Engr., Washington State Dept. of Health, Seattle, Wash. 
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often requires years." This sludge can accumulate the extent that dissolved 
oxygen could affected adversely. would appear from this characteristic 
that the B.O.D. sludge must interpreted from entirely 
different standpoint than normally considered reasonable connection with 
the 5-day (20° B.O.D. 

and Candell state, their method running B.O.D. 
analyses sludge neither true nor When dealing with sludge, 
the high initial demand and lag combine obscure the normal monomolecular 
reaction which characterizes B.O.D. test. 

Even the rapidly moving rivers the State Washington, sludge beds 
can, and do, form where the settleable solids are not yet removed treatment. 
The slowing down velocity along the banks and bends will cause deposits 
which are most accessible and can cause the greatest nuisance they are com- 
posed sewage sludge. fact, the writer does not know any streams 
the State Washington where sludge beds will not form. 

The effectiveness the chlorination digested sludge requires additional 
study since well known that solids give bacteria protection against chlorina- 
tion and that chlorine residuals are not the complete answer. 

The increase settleable solids the primary effluent 1.5 per liter 
the return digested sludge does not appear too important the casual 
reader, but result least 50.4% the total solids that were removed the 
digester are again returned. Certainly this amount not insignificant. 

The practical difficulties preventing some the scum from being carried 
out with the digested sludge and the 21% 31% theoretical grease content 
increase make the evaluation expected conditions, particular case, 
difficult say the least. 

This paper certainly has stimulated considerable thought the subject 
anaerobic digestion and has shown sanitary engineers the State Wash- 
ington that additional studies are desirable. The Civil Engineering Depart- 
ment the University Washington Seattle has agreed conduct certain 
research try answer some the questions that have been advanced 
this discussion. 


ASCE.—Sludge digestion undoubtedly diminishes the 
biochemical oxygen demand sewage sludge. Messrs. Rawn and 
Candell question the reliability B.O.D. determinations measuring this 
reduction and the writer questions the reliability the experimental method 
adopted the paper determine the reduction and evaluate the 
effects digesting sludge and returning primary for common 
disposal dilution state waters. 

the series laboratory tests the B.O.D. the seeded mix dropped 
initially, subsequently rose values definitely higher than those the unseeded 
fresh sludge, and then continued diminish gradually some asymptotic 
low value. Under the experimental conditions used this sequence seems 

Natural Purification River Muds and Pollutional Gordon Fair, Edward 


W. Moore, and Harold A. Thomas, Jr., Sewage Works Journal, March, 1941, p. 270; July, 1941, p. 756; and 
November, 1941, p. 1209. 


Cons. Engr., Baltimore, Md. 
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logical. During the active stage anaerobic multiplication the B.O.D. 
should increase the multiplying organisms have B.O.D. theirown. Their 
continued multiplication gradually arrested the depletion available 
food supply the flasks and possibly the simultaneous accumulation 
decomposition products inimical such growth the sludge liquor itself. 

The authors remark that this initial drop and subsequent rise and decline 
B.O.D. values are not manifest digestion tanks and state (under the 


“Tt assumed that the conditions the stage digestion tanks and other 
functioning digestion tanks either forestall the rise B.O.D. noted series 


this statement true, and evidently is, then such small bottle tests not 
really simulate the conditions obtainable the districts’ digestion tanks 
the authors previously claim, under the heading, 
tion Experiments.” 

The writer does not place much reliance conclusions drawn from digesting 
sludges 2-liter flasks. relatively large digestion tanks operating 
treatment plant the biodynamic biotic fostering activity renewed daily, 
whereas relatively minute bottle testing system this far from the case, 
even though the temperatures and detention times may identical both 
systems. the actual plant system fresh sludge added daily the digesters 
that its volume displaces somewhere the digestion units the equivalent 
volume digesting and digested materials liquid condition. This procedure 
not followed with tests conducted 2-liter flasks where biochemical and 
chemical equilibriums become different digestion progresses. The late 
ASCE, minimized the effects this possible experimental 
error the digestion experiments conducted Cornell University, Ithaca, 
Y., 1936. 

However, whether not bottle tests give fairly relative indication 
reduction through anaerobic digestion and whether not more 
reliable methods can developed for determining the B.O.D. dilute and 
concentrated sludges, closer examination this method disposing 
sewage sludge reveals the fact that levies tax primary clarifiers that 
operates inverse proportion their efficiency, especially when plant 
collecting sludges heavier and higher than the sludge listed the 
authors. Thus, practically, the better primary sedimentation system 
tions removing suspended sewage solids, the greater becomes the tax rate 
the efficiency the system. 

This condition becomes quite evident plain sedimentation treatment 
plants handling domestic sewage about 300-ppm with sludge pumped 
digestion containing high solids. Here the combination digested 
material with the plant effluent 165-ppm could readily increase the 
latter for 30-day digestion and almost for 60-day digestion. 
lowered clarifier efficiency may decrease this percentage but only the cost 
increasing the the large fraction plant effluent. 


the Digestion Ground Garbage,” Malcolm, Sewage Works Journal, May, 
+P. 
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The authors accounting for the removal digester supernatant not 
account for its The that added back the plant 
influent because dirty. This return then accounted for the 150-ppm 
the primary effluent. this case most the digested solids re- 
turned plain sedimentation return again digestion accumulate for 
days and days that space become tax its efficiency. 

any case one should not lose sight the fact that digester liquor has 
that can double that the plant influent and the B.O.D. the 
wet digested sludge almost straight-line function the amount digested 
solids present plus the B.O.D. the liquor present. Furthermore, even though 
30-day digestion raw sludge solids content (as Winnipeg, 
Canada) may and does drop the sludge 10% its original value 
(in line with data presented Table 3), this drop from far greater initial 
level and can leave the liquid digester contents 5.6% solids with 
total B.O.D. 5,600 ppm, place the 1,200 ppm recorded for the digested 
sludge having 2.33% solids Tables and Increasing the ratio sewage 
treated liquid digester contents from 208 the Rawn-Candell data 
490 the case taken from the records the Winnipeg Sanitary 
District does not help much might assumed. The penalty actually 
increases. 

Thus, regardless just how trustworthy the B.O.D. determinations may 
become, the writer believes that this highly telescoped method sewage and 
sludge disposal can serve only postpone the day real reckoning. best 
its penalty plant efficiency lightens the taxpayers’ burden operating 
some cases with just enough questionable adequacy under the guise sewage 
treatment satisfy the sanitary requirements those residing above the point 
discharge into state waters. 

reviewing various methods sludge disposal the writer believes 
that Mr. presented more convincing solution for this problem 1941, 
than the alternative solution now under discussion. the former gave 
excellent experimental evidence increasing soil fertility assets adding 
digested sludge the soil where definitely needed. the present con- 
tribution and Mr. Candell offer method subtracting these fertility 
values from the soil and adding them streams where their value least 
questionable. 


taken the time analyze this paper carefully, and have advanced conclusive 
thought and criticism regarding the experimental work. response these 
and the many written and verbal comments made directly the writers 
desired state that the paper was not designed advance plea for special 
method sewage sludge disposal but rather suggest tool heretofore ap- 
parently not investigated and one which might find logical application certain 
situations. 


***Concerning Those Plus Fertility Values of Sewage Sludges,” by A. M. Rawn, Water Works & 
Sewerage, April, 1941, 186 

Chf. Engr. and Gen Los Angeles County Sanitation Dists., Los Angeles, Calif. 

Denver, Colo. 
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Mr. Abbott directs attention the fact that returning digested sludge 
primary effluent for disposal the volatile suspended solids, indicated 
the writers’ computations, may increased from total 30% total 
65%. His position well taken, but fails indicate that the 35% in- 
crease volatile solids would result from the return the primary effluent 
those volatile solids the digested sludge which are slow digest and which, 
general, are nonputrescible and have low 5-day biochemical oxygen de- 
mand (B.0.D.). The volatile solids returned with the digested sludge are 
similar composition leaf mold, peat, some such matter. 

Mr. Abbott’s reluctance apply the 5-day B.O.D. test sewage sludges 
not unusual, although believed would firmer ground were 
less reluctant apply the test digested sludge than crude sludge. Re- 
sults the test applied sludges are erratic times; but, for what the 
results may worth, they are likely measure, indeed, overmeasure, the 
oxygen demand placed upon flowing stream, lake, salt water disposal 
site digested sludge which will not strand. Mr. Abbott appears as- 
suming that the remaining relatively stable volatile matter the digested 
sludge will form sludge banks. The writers’ admonition stated the paper, 
not return the digested sludge primary effluent for disposal there 
danger serious stranding. 

Mr. Leaver questions the desirability removing crude sludge from the 
sewage and then returning digested form for disposal. His criticism 
appears stem from the fact that digested sludge valuable natural re- 
source and should not wasted the degradation streams. the latter 
regard, Mr. Leaver directs attention the accumulation crude sludge 
eddies the rapidly moving stream waters the State Washington. Un- 
fortunately, tends apply his reasoning the Columbia River below 
Portland, Ore., into which river the crude sewage from cities tributary 
streams and the banks the Columbia has been emptied for years without 
significant effect the waters that great stream. The effective reduction 
the readily putrescible content large proportion the suspended solids 
the crude sewage Portland can surely have only beneficial effect 
existing conditions; and, applied the Portland situation, the writers believe 
that the return digested sludge the primary effluent and its discharge into 
the Columbia River will escape detection even the best laboratory 
techniques. 

Again the writers state that, the solids will strand, the practice re- 
turning digested sludge primary effluent may not satisfactory and 
probably should practiced only experimentally and with caution until its 
merit demonstrated. gratifying note that the civil engineering 
department the University Washington, Seattle, plans extend the 
writers’ research. 

The writers agree with Mr. Leaver that digested sewage sludge usually 
excellent soil builder and that nothing should allowed curtail the 
activities those who desire reclaim and utilize this material for soil building 
course, that the cost such reclamation borne those who 
profit from the venture. Surely, nothing the writers’ discussion can 
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construed indicate that they (who are among the most enthusiastic pro- 
ponents the return digested sludge the soil for agricultural betterment) 
desire waste this material when can utilized properly and economically. 

Mr. Genter questions the validity the conclusions drawn from labora- 
tory experiments digested sludge. However, his position not well taken 
with respect laboratory digestion that designed illustrate the changes 
sludge allowed continue digestion without further accretion 
crude sludge. This condition approached the later stages controlled 
stage digestion currently practiced, and reasonably well demonstrated 
the latter part the curve controlled laboratory digestion. Mr. Genter 
states that: the actual plant system fresh sludge added daily the 
digesters *.” This statement true only the primary stage; not 
applicable the later ripening stages modern digestion. 

Mr. Genter’s comments the concentration solids the crude sludge 
not apply the conditions described the paper. The solids content 
the crude sewage the controlling factor and not the concentration the 
solids the crude sludge. appears logical that the greater the strength 
and solids content the original sewage the less the primary effluent therefrom 
will affected percentage-wise the return digested sewage sludge which, 
having originally contained nearly 40% the volatile suspended solids the 
sewage, contains less than half that amount after some days digestion 
and only 10% its originally measured 5-day B.O.D. 

Mr. Genter’s the writer believes that this highly tele- 
scoped method sewage and sludge disposal can serve only postpone the 
day real not deemed appropriate the authors. They 
feel that the recommendations contained the paper will result the final 
disposal digested sludge completely and adequately were incin- 
erated. Hundreds thousands tons similar organic material from farms, 
forests, and meadows are disposed annually manner. Again, 
response Mr. Genter’s criticism regarding the wasting this valuable 
fertilizer, Mr. Rawn desires state that the sewerage authority under his 
direction has produced and sold more digested sludge the form fertilizer 
than any authority west Chicago, Ill. While still maintaining that the 
return this organic material the soil great value, insists that there 
are locations where cannot even.be given away and where, processed 
soil nutrient, the operation should the expense those who will 
profit the operation. Unless the manufacture fertilizer necessary 
step the operation sludge disposal, such locations the cost should not 
borne the public. 
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TRANSACTIONS 


Paper No. 2397 


MINERAL LAND SURVEYS 


For the first time years, there presented herein discussion the 
history, methods, and instructions for making mineral land surveys the 
United States. Public land surveys, although relatively simpler, have been 
rather thoroughly treated modern technical literature. Nevertheless, few 
people realize the importance mineral land surveys from the standpoint 
the number such tracts ground from the standpoint the entirely dif- 
ferent and rather complicated procedure surveying resurveying mineral 
lands. Not only the methods making mineral location are presented, but 
also the importance having competent surveyor engineer make such 
survey emphasized. The changes regulations and their effect the 
survey, together with the different methods surveying, are rather completely 
discussed assist ordinary land surveyor resurveys mineral land 
wherever tracts this type occur private ownerships. 


INTRODUCTION 


The survey mineral bearing lands the United States for the purpose 
segregating them from the public domain that individual may obtain 
title differs from the survey other public lands several re- 
spects. First, public land surveys are made the federal government through 
the General Land Office, United States Department the Interior, following 
regular procedure, whereas mineral land may originally described anyone 
and the official patent survey made mineral land surveyors employed 
the claimant and working under conditions which vary from place place. 
Second, because the greater value, or, least, the greater potential value 
the land, the precision required for mineral land survey higher than that 
required for ordinary public land surveys. most mineral land located 


November, 1948, Proceedings. Positions and titles given are those effect 
when the paper or discussion was received for publication. 
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mountainous areas, the difficulty maintaining the requisite precision 
greatly increased. Third, the problem obtaining, placing, and maintaining 
adequate survey monuments frequently difficult, and the restoration 
corners requires considerable patience and judgment. Finally, mineral land 
surveys are complicated the conflicts between claims, the ties and 
the public land surveys, and legal procedures and court 
decisions, which must properly interpreted and followed. 

This paper deals with the methods employed making location and patent 
surveys segregate mineral lands from the public domain that they may 
patented and also with the important historical developments that have affected 
surveying procedures. During the days the westward expansion the 
United States, most the area the midwest and the Great Plains was 
absorbed the familiar procedure homesteading, that the lands were 
privately owned before minerals were discovered. With the discovery gold 
California and the subsequent mineral discoveries other Pacific and Rocky 
Mountain states, the type land development and the purposes and problems 
acquisition changed. All minerals, including even building stone, were in- 
cluded under the original Congress. The states Kansas, 
Missouri, Wisconsin, Michigan, and Minnesota, well Texas, were excepted 
from these general mining acts. Various acts Congress have restricted the 
lands which may patented. For instance, the Leasing Act 1920 permits 
only the leasing land from the United States government for the purposes 
prospecting for and extracting coal, phosphates, oil and gas, oil shale, sodium, 
sulfur, and potash. Also, since 1935 patents for homesteads and for stock 
raising homesteads have been essentially stopped, that lands the public 
domain which contain metalliferous minerals are about the only lands which 
person can freely prospect and develop individual enterprise with assurance 
being able obtain title the land developed. There are Alaska 
and the states Arizona, California, Colorado, Idaho, Montana, Nevada, 
New Mexico, Oregon, South Dakota, Utah, Washington, and Wyoming more 
than 90,000 official mineral land surveys, comprising nearly quarter 
million separately surveyed, monumented, and patented tracts land, many 
which, because conflicts, may consist from one dozen more 
small fractions land the original patent. course, the case with 
any land, many these original tracts have been further subdivided. Inas- 
much any civil engineer, land surveyor, mining engineer, land appraiser 
likely have occasion resurvey subdivide these tracts these states, 
important for him have some grasp the principles mineral land 
surveys presented herein. 


Types MINERAL CLAIMS 


There are three recognized types mineral land claims, classified according 
the method occurrence the mineral deposits according the proposed 
use the land: Lode claim, placer claim, and mill site. 

Lode Claim.—Of these three the most important the lode claim, which 
laid out cover mineral deposits that are solid rock formations. 
lode claim may maximum 1,500 long and 300 either side the 
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center line, total 600 wide, 20.661 acres, established United 
States statute 1872, although the size may limited something less than 
this maximum state local rulings. preferable, where there are 
conflicts with other claims, survey the lode claim that will rectangular 
(Fig. many occasions, however, prior claims may have left irregular 
fractions land. These can best covered 600-ft 1,500-ft quadrilat- 
eral which not rectangle (Fig. six-sided eight-sided claim 
(Fig. 1(c)). Similarly, when the mineral deposit does not follow straight 
line the surface, keep all the vein within the limits, the claim must bent 
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that tracts six, eight, even more sides result (Fig. 1(c)). The maximum 
width the perpendicular distance between sides the 600-ft dimension, and 
the length along the lode line 1,500 ft; hence the actual lengths sides 
ends may differ from these values, shown Figs. and 1(c). im- 
perative that the surveyor lay out the lode claim that the end lines are 
parallel. 

Placer Claim.—The next most important type mineral land claim the 
placer claim, which covers mineral deposits that are not place—for example, 
deposits which may mined washing, screening, otherwise separating 
loose unconsolidated soils, sands, gravels. Entries for placer claims, for 
lode claims, are made the basis discovery mineral. However, there 
are two important differences the filing the claim—first, the discovery 
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must not just discovery mineral, with the lode claim, but must 
discovery commercial deposits placer material such gold, silver, plati- 
num, sand, gravel; and, second, the maximum amount land which may 
taken acres for one individual, increasing acres for each copartner 
maximum 160 acres where eight more individuals are partnership 
the claim. 

There are two types placer claims, each which restricted the fore- 
going principles. The first type taken legal subdivision 
public lands. locate this type, the surveyor must familiar with the rules 
for the survey and the subdivision United States public lands. Most civil 
engineers and surveyors are familiar with the procedures rerunning and 
subdividing section, and there are several good reference books the sub- 
Consequently, further description will given. Legally, tracts 
small acres may described the rectangular system. take the 
desired area, series adjacent 10-acre tracts described. The second type 
placer claim called the gulch placer. This type used preferably un- 
surveyed parts the public domain where the land has not been sectionized, 
but used particularly where the valuable placer deposits are confined 
comparatively narrow strip land, such the bed well-defined gulch. 
Claims this type may quite long and narrow, more than fifty sides and 
over-all length miles miles being not uncommon for 160-acre gulch 
placer. Maintaining the required precision these long surveys through the 
timber and the undergrowth and along the steep slopes which many gulches 
possess problem which taxes the skill the engineer. 

Mill last type mineral land claim the mill site, which 
limited maximum area acres supposedly nonmineral bearing land 
and may taken conjunction with lode claim the site mill 
reduction works. The mill site, which should reasonably regular shape, 
used adjunct the mining, storing, milling, treatment ores from 
lode claim. 

should understood that one claimant, individual, group 
individuals, incorporated body, may locate many claims may 
deem desirable long fulfils all the requirements though each claim 
were entity itself. 


the early days mining the west, the prospector who made discovery 
mineral would post notice his discovery hole and proceed lay out his 
claim 300 1,500 size, whatever the limit was his particular dis- 
trict. might look the sun for directions and pace the distances, putting 
his corner stakes about where thought they belonged. Some prospectors 
used compass for obtaining bearing; they might might not allow for mag- 
netic declination. locate the position the claim, bearings were usually 
taken one more mountain peaks other prominent natural objects 


Instructions for the Survey the Public Lands the United Land 
Management, Dept. the Interior, Govt. Printing Office, Washington, C., 


Land Surveys, History, Instructions, Methods,” Lowell Stewart, Inc., 
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from one more corners the claim. Occasionally the lands would sur- 
veyed lands where the section corners could found; so, the prospector 
would tie section corner. Probably not 10% these locations made 
without the services qualified surveyor are truly defensible case legal 
action, and since 1920 the majority location surveys has been made and 
the descriptions have been written engineers. 

Legal Requirements for Lode surveyor who undertakes 
make location survey must have mind the laws and their interpretation 
courts that will make legal location. Prior 1866, the length and the 
width lode claims were regulated entirely local rules. 1866, the first 
act Congress recognize mining claims such permitted maximum 
length 3,000 ft. The width was not specified except local legislation. 
The Act Congress May 10, 1872, the regulation which still prevails 1948, 
provided that lode claims could maximum 1,500 long and not more 
than 300 nor less than each side the lode line. These maximum 
dimensions were frequently restricted state local statutes, although since 
1930 there has been place the United States Alaska where the dimen- 
sions lode claim are restricted less than the federal limits 300 
each side the vein, lode, ledge, lead unless limited conflicts with prior 
claims. 

Discovery surveyor must know that legal discovery hole 
should have showing mineral would warrant prudent miner 
prosecuting the work with the full expectation finding pay This dis- 
covery must solid formation and not alluvium deposits. consists 
below the surface—(hence the term and may shaft, tunnel, 
open cut, trench, even stripping underground some mine workings. 
this last case, survey must run through the mine workings and out onto 
the surface point directly above the point discovery underground, where 
directions for reaching the true point discovery should posted. the 
discovery point, the judgment the surveyor, and particularly his experience 
with the minerals and their occurrence that particular district, may enable 
him counsel his client wisely the advisability continuing the work. 

Apex mineral deposit may occur either fissure vein which 
has apex outcrop near the surface, and extends indefinite 
depth into the crust the earth, usually igneous rock formations. min- 
eral deposit may also occur “blanket” deposit along seams in, re- 
placements of, sedimentary rocks, and may thought replacements 
fills ancient caverns distinguished from the narrow crack-like fissure veins. 

The mineral surveyor, through his familiarity with ore deposits the area, 
should recognize the type the particular deposit locating for his client. 
locating claim deposit, vertical planes passing through 
the side lines and end lines the claim define the claim. However, the claim 
being located fissure vein, the 1,500-ft length should run the direction 
the vein because this entitles the owner extralateral rights. These ex- 
tralateral rights allow the owner the apex fissure vein follow down the 
dip the vein far may desire long remains within the end 
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lines, the end lines extended, his claim, matter how far this procedure 
may carry him beyond the vertical projection his side lines and under other 
property. the erd lines the claim are not essentially parallel, the apex 
owner loses his rights mine beyond the vertical projection his side line and 
may expend considerable money developing mine for his 
less state, considerable litigation develops when slight variations from the 
standard case arise, and most this litigation avoidable the surveyor 
knows the interpretations the courts. excellent treatment various 
apex situations, together with summary various court decisions the 
subject given 

Laying Out the well-defined vein can followed the surface 
for 1,500 ft, the problem laying out the claim simple. The surveyor selects 
the lengths desires either way from the discovery point, with maximum 
total 1,500 ft, and runs out the end lines not more than 300 either side 
normal the center. the event that the vein bends that would not 
contained within the claim, then angle points are put the side lines, and 
claim with six more sides results (Fig. protect the apex rights 
the claimant, essential that the end lines the claim parallel. the 
vein and the occurrence ore deposits cannot definitely ascertained the 
discovery hole, the surveyor lays out the claim cover the most desirable 
land the owner may decide. 

Conflicts with Other Claims.—The lode location rather simply made 
there are adjacent conflicting claims. However, this lack conflict 
frequently not the case. The surveyor must aware the position any 
claims the immediate vicinity which the government has previously patented 
prior claimants. readily understood that whatever area patented 
the government individual individuals becomes inviolately his 
theirs. This fact, however, does not preclude second claimant from locating 
claim which may extend into even completely across this prior claim long 
the discovery point for the new claim open ground. patent can 
obtained the land within the boundaries the new claim which not 
already patented. third claim may conflict with both these prior claims 
and on, until, what with the many directions and amounts overlap 
prior claims, the remaining fractions unpatented land are small and widely 
scattered. Claims have been known have conflicts with more than fifty 
other prior lodes. 

Occasionally patented lode will exclude some part the area within 
itslimits. this case, study district map showing the officially surveyed 
claims will not reveal that the area apparently covered really not patented 
all and hence open location. This occasionally occurs when the prior 
claim abandoned for some reason other and reverts public domain. 

Amended Locations.—Occasionally the surveyor may have amend 
location originally made when there were restrictions the dimensions. This 
amendment may necessary reduce the total number claims required 
cover the ground change the location for the purpose taking more 
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ground the present legal limit. The choice which claims would 
abandoned would depend the showing mineral the various discovery 
holes. the past, not infrequently, locations lay two districts whose local 
regulations differed. this case, each part the claim was required con- 
form the local regulations for the district which lay. case the claims 
are not patented, the surveyor may have extend the width the claims 
prior the patenting process. For the case isolated claims mostly sur- 
rounded previously patented claims, the problem how amend the loca- 
tion take the most useful ground under the new limiting conditions must 
solved for each individual case. location may rotated about the dis- 
covery point cover more open ground, this seems desirable. 

Equipment and Methods.—Considering the foregoing principles loca- 
tion, size, position, and conflicts lode claims, and knowing something about 
the geology and mode occurrence ores the district and about the eco- 
nomics engineering with respect operation mine and its appurtenances, 
the surveyor ready make the actual location survey. The survey party 
usually composed transitman and chainman. anticipated that 
there will considerable clearing done running the lines, one two 
axmen may added. The following items should included the equip- 
ment the survey party: 


Light mountain-type transit with complete vertical circle and 
adjustable tripod; 

Steel tape (500 ft) graduated 5-ft intervals, the end graduated 
0.1 0.01 ft; 

Reel for 500-ft tape; 

Steel tape (100 ft) graduated 0.01 ft; 

Pocket-size reel for 100-ft tape; 

Self-winding, 5-ft steel pocket tape graduated 0.01 one side and 
inches the other side; 

Detachable handle for end 500-ft tape; 

Two plumb bobs; 

Level rod (12 ft) collapsible ft; 

Axes; 

Machete, brush hook; 

Finishing nails penny); 

Stiff white cards about in. square; 

Stakes (about long and in. in. cross section); 

Transit-type field book; 

Standard field tables; 

Location notice forms; 

Brunton pocket transit; and 

Cloth flagging and keel. 

The transit should light enough carry around the mountains. 

adjustable tripod necessity for surveys the mountains, where rocks, trees, 
and steep slopes complicate the setups. complete vertical circle far pref- 
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erable vertical arc, and the transit should equipped with stadia hairs. 
Since horizontal circle can read about accurately with 
magnifying glass can larger circle, the smaller transit preferable. 

method traversing called the bearing traverse method favorite with 
many mineral surveyors. This method, which was developed group 
mining engineers and mineral surveyors prior 1900, well adapted land 
surveys general and mineral land surveys particular. yields more 
accurate results than any other method traversing for the same amount 
time and labor expended. Since the bearing traverse method not explained 
any current text surveying, will described briefly. transit with 
two opposite verniers and graduated quadrants used. When survey 
started, the transit oriented the first station true north determined 
from the compass reading correcting for magnetic declination, and bearings 
lines are read directly from the vernier. When sight taken the next 
station, the bearing the line read directly from the vernier and recorded. 
The transit moved ahead with the upper motion clamped and the lower 
motion loose retain this bearing the upper plate. the second 
station, the transit oriented backsighting with the telescope normal, and 
the lower motion then clamped. Then the upper motion may loosened, 
and the vernier will give directly the bearing any object sighted. The 
process repeated any other stations. 

True bearings are ordinarily determined from solar observation some 
point, but occasionally turning from line known bearing. Solar observa- 
tions are much preferred over Polaris observations other star observations 
because the inconvenience entailed being the field night and because 
the extra lighting equipment which would necessary. The solar observa- 
tion usually consists six observations the sun with horizontal and vertical 
angles being read exactly the same any other shot the traverse. The 
temperature estimated for approximate correction vertical angle. Ordi- 
narily, the latitude the place observation taken from map the state 
the district, the value being estimated the nearest minute. Usually 
observations are taken every day the beginning extended survey, and 
frequently both the morning and the afternoon. morning and afternoon 
observations not agree, the assumed latitude may error. The six 
observations may taken with the sun tangent quadrants and the average 
the observations calculated, but many engineers prefer make the observa- 
tions the center the sun and calculate each shot individually. 
advantageous take and calculate observations the center the sun 
because the instrumentman can detect erroneous readings they are taken, 
the computer can find instrumental errors due variations observations 
taken with the telescope normal inverted, and the computer can discard 
“wild” readings instead averaging all values. The assumed bearings, 
determined the original compass orientation, are adjusted true bearings 
very easily, the correction ordinarily being less than degree unless local 
attraction result ore bodies excessive. 

There are two principal advantages the bearing traverse method. First 
the bearings all lines are known immediately the field work progresses— 
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without making and checking any calculations. This knowledge particularly 
convenient when lines and ties other claims are being retraced and when legal 
descriptions involving bearings are being written. Second, the precision ob- 
tained turning the angles high that obtained doubling the angles, 
using any other method. This precision due, course, the fact that any 
fractional part angle too small read the transit (say, less than 
sec).remains the plates and added subtracted from the next angle 
would when angle doubled. Thus, there cumulative angular 
error. The method presumes that any eccentricity the graduations the 
horizontal plate the transit less than the error setting reading the 
vernier. assure that the vernier setting has not been disturbed when the 
transit was moved forward, the vernier reading should checked after the 
backsight made. This check can made more rapidly than the vernier 
could set zero, would done running deflection traverse. the 
telescope inverted backsighting orient, the bearing traverse method 
essentially the same that employed the customary azimuth traverse 
other methods traversing, the magnetic compass bearing 
read and recorded rough check the transit angle. wise not have 
the magnetic declination set off the annular ring the compass, the com- 
pass and the transit bearings then will not the same, and the observer not 
likely make two mistakes readings which would still check. 

The long tape, usually 500 long but occasionally longer shorter, saves 
many instrument setup and much preferable the usual 100-ft tape used 
the flatlands. course, all other types land surveys, the dimensions 
are given horizontal measure. This theory the only equitable and tenable 
principle mining claims, where the surface measure usually much longer 
than the horizontal. extreme example, the writer has worked claims 
where was necessary measure nearly 2,500 obtain the allowable 1,500- 
length claim—an average vertical angle about 54°. Under these 
conditions entirely impractical, both regard time consumed and 
accuracy attained, use short tape and determine horizontal distances 
Vertical angles are read the transit the nail the 
stake, and the tape used measure from the horizontal axis the transit 
the nail the stake. The slope distances thus obtained are recorded and 
usually “reduced” the survey progresses using cosine secant functions 
from field tables that the desired distance 600 1,500 may laid 
out. The chainman, usual, carries the zero end the tape. The instru- 
mentman marks the distance the horizontal axis the transit with his 
fingers with pair parallel pliers the tape pulled taut and then uses 
the 5-ft tape measure the fractional distance from the 5-ft markers the 
long tape. 

Much the measurement will over rough ground and through timber 
where the tape will least partly supported. When considerable part 
the tape swinging free, the instrumentman frequently corrects for the sag 
applying more tension. Spring balances are practically never used and the 
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correction for sag not applied. The instrumentman can tell the 
the tape when should take the measurement. the precision required 
not high, shots and measurements may recorded only the nearest 0.1 ft. 
However, usually necessary and more satisfactory use the finishing 
nails mark the exact points the stakes and measure distances the 
nearest 0.01 ft. The 100-ft tape, graduated 0.01 ft, convenient and 
little more precise for short shots. For rough location survey where the 
terrain difficult, stadia shot might used for determining distance. 
This condition might encountered where ravine with considerable under- 
growth crossed, because the difficulty getting the tape across 
the ravine and clear the growth. Inasmuch stadia will not give the pre- 
cision required for patent survey, however, regulations the Land Office 
prohibit its use. 

The most convenient-sized stake about in. in. cross section and 
about long. This length stake will stand high enough that grass and 
low brush will not have cleared, and will enable longer sights made. 
The 8-penny finishing nails, which mark the exact point the top the stake, 
will stick about in. that white paper card can placed it. 
This white paper shows very clearly any natural terrain, high lighting 
the nail and making readily visible ordinary distances. This nail more 
accurate for sighting than range pole, and very much simpler and more ac- 
curate point for measuring. 

precision required the average location survey 
variable quantity depending several conditions, the most important which 
probably the value potential value the land, which may very difficult 
determine the time the location survey. Some lode claims have been 
located where the entire value the land probably would not pay the price 
the survey. the other hand, some locations have paid the owners the 
rate $1,000,000 per acre. The courts have been rather liberal construing 
the intent locator. However, the position the corner posts actually 
established the ground the most conclusive proof the intended position 
Consequently, any case where likely that there will con- 
flicts with other located patented claims, the 
only safe procedure decide exactly where the new location should and 
then place there, maintaining precision of, say, 1,000. This precision 
not sufficient for patent survey (as explained later), but will for most 
location surveys. case probable that the owners will want patent 
the claim rather soon, the surveyor justified making more careful survey 
and setting points that the patent survey will mostly 
matter checking the original survey and setting permanent monuments. 
True bearings are usually determined direct observations the sun and 
would correct less than min angle; however, some location surveys 
the magnetic declination simply set off from the compass, which case the 
bearings may error min more. Compass bearings are read 
check the transit angles. 

monuments for location survey ordinarily consist 
posts about long and least in. diameter blazed the side facing 
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toward the claim and driven solidly into the ground. The blazed face 
marked with keel show the corner number and the name When 
available—and this more usual than not—a few stones are piled around the 
corner help support the post; help prevent live stock from scratching 
themselves the post; and mark the spot where the post was set, even 
though may rot, fall over, and roll (or carried) away. timber not 
available, stone might set and chiseled with the markings; but, since this 
rather slow procedure, posts are usually used for the locations. case 
dump, sliding talus slope, snowslide area, witness corner should set 
along one the claim lines and plainly marked. attempt sure 
that the corners are least semipermanent nature, some states have 
established laws requiring the posts certain dimensions, common 
being 4-in. square 4-in.-diameter post least long, set 
high allowed some states. All states, well the federal government, 
require that all the corners marked substantial posts. Some states 
(namely, Colorado and Wyoming) require that posts called also 
set the center the side lines (that is, 750 from either end for 1,500-ft 
claim); one state, Oregon, requires that posts called ‘‘end set the 
center the end lines; and Arizona, North Dakota, and South Dakota require 
both side centers and end centers set addition the four corner posts. 
most these states the requirements such statute have been ruled 
the courts directory and not mandatory and violation does not invalidate 
the location. 

definite point points, preferably the corners the location, 
must tied natural object permanent monument that the position 
the claim definitely fixed. surveyed public lands where the section 
corners can found, the tie might consist the bearing and the length (course 
and distance) the line from corner the location the section corner 
the quarter corner. The corner the location which thus tied the section 
corner would probably designated corner No. case there corner 
some previously patented claim near by, tie made this patent corner 
would entirely satisfactory. some areas where there are section 
corners where the section corners cannot found, United States mineral 
surveyors have been empowered establish permanent monuments called 
United States mineral monuments (USMM) United States locating monu- 
ments(USLM). These locating monuments mineral monuments are usually 
point such post, large stone, chisel mark rock place set 
some prominent natural feature such knoll, mountain peak, bench 
hillside. the surveyor cannot readily find some recognized monument 
one these three types which can tie, may, for the purposes 
location, tie prominent natural features. One more corners the claim 
should tied least course some prominent readily recognized moun- 
tain peak, some road stream junction, well-known shaft, mouth 
tunnel, permanent building. One such tie course alone quite poor. 
Consequently, accepted practice would tie least two such natural 
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features courses from one corner the claim, tie one feature from 
least two corners the claim. This kind tie, giving definite 
the location the claim, would thereby identify the tract deseribed 
from any other tract. 

previously described, the locator feels that would advantageous 
for him take his ground some shape other than rectangle, this shape 
entirely permissible. there are more than four corners—as for six-sided 
claim—corner monuments must set each angle the claim. 


the mineral deposit not vein such quarrystone, oil shale, and 
the like, loose deposit such placer gravel containing gold, silver, 
tin, commercial sand and gravel, cannot located lode claim. This 
type deposit open, however, location placer claim under the mining 
laws amended the Leasing Act and various Land Office regulations 
between 1920 and 1932. stipulation made the federal government 
the dimensions discovery hole; but some states, such Washington and 
Nevada, require certain nominal expenditure developing the claim. Courts 
have further ruled that, for location placer claim, the discovery must 
actual discovery mineral values which can recovered commercially. 

Comparison Gulch and Legal Subdivision the valuable placer 
deposits lie narrow, well-defined gulch, permissible survey the 
more acres, depending the number joint locators, loeate only the 
valuable deposits. This so-called “gulch placer’’ results taking long, narrow, 
irregular tracts land, which leave very irregular and generally rather barren 
land the public domain. Therefore, preferable—in fact, surveyed 
public lands almost mandatory—to survey the placer claim accordance 
with the generally recognized subdivision section, the smallest tract 
acres). unsurveyed (unsubdivided) public lands preferable lay 
out the location with the cardinal directions and series squares which 
are acres size that these tracts could fitted into future extension 
the public land surveys. Since about 1930, tracts small acres have 
been subdivided out the public domain for other purposes, such govern- 
mental withdrawals, and there reason believe that tracts this size 
would not acceptable for placer claims. However, there has not been any 
test case 1948. 

there are any known veins lodes entering into crossing placer, these 
must excepted from the area which located and which may patented. 
can proved that vein disappears and does not extend beyond the end 
line the lode claim, permissible locate placer adjacent this line. 
one more lode extend entirely across placer location, the area will 
divided into separate tracts, although necessary have only one dis- 
covery for the one placer location, even though this location may several 


* Act of Congress, May 10, 1872, Section 10; Revised Statutes of the United States, Sections 2329, 2330, 
and 2331; United States Code, Sections and 36. 
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parts. the mineral values are confined relatively narrow gulch, the 
same valuable mineral land may more efficiently covered one gulch placer 
less than maximum size than two legal subdivision placers approxi- 
mately 160 acres each. With larger-scale placer operations compared 
the hand operations the past, taking extra land little mineral 
value order fill out 10-acre lots less important. 2}-acre tracts are 
permitted, the problem will insignificant. Rules and regulations the 
Land Office, well the decisions various courts, differ whether 
not the boundaries for the location legal subdivision placer claim need 
staked, and the surveyor must familiarize himself with local regulations 
this point. 

Methods When the placer claim lies entirely one section which 
well monumented, the survey problems are comparatively simple. How- 
ever, the placer may lie several sections. the usual mountainous areas 
frequently the section corners not only are difficult find the first place, 
but are usually not placed very accurately consistently if, indeed, all. 
These difficulties necessitate rather extensive resurveys relocate the section 
corners and subdivide the sections into the desired tracts. survey covering 
the several square miles involved necessity must rather careful job 
maintain sufficient precision. Otherwise, the methods surveying placer 
claim are different from those for lode claim. Corner posts would 
the same type that described for lode claims, with the markings indicating 
the corner number and name the placer. the case legal subdivision 
placer, the tracts are described their position the section. the section 
corners are place, other ties are necessary for the identification the 
tract. case some corner the placer claim does not coincide with section 
corner USMM, ties would run the ground, done with lode claims. 


Location Surveys For MILL TUNNEL 


The mill site, which the third standard type mineral land claim, 
probably the simplest survey. limited maximum area acres; 
the shape not restricted, but should form reasonably compact regular 
tract. course, more than one mill site can taken one locator pro- 
vided that need for and use the land can shown. previously stated, 
5-acre mill site may taken with The need for this type 
mill site has nearly disappeared with the advent present transportation and 
few large ore treatment plants. mill site may also located and patented 
site for actual ore reduction plant. The ground which mill site covers 
should contain known mineral deposit, which usually precludes the location 
mill site the end line claim. The problem surveying consists 
laying out the tract and setting monument each corner it, done 
the survey lode claim location. permissible have the tract com- 
posed two more near-by parcels land. 

There one other type location mineral land, which, however, the 
government will not issue patent. site. The tunnel site may 
claim 3,000 advance the face and along the line tunnel, together 
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with 1,500 either side the tunnel. The filing this location protects 
investor who developing area with deep cross-cut tunnel and grants 
him the exclusive prospecting rights the 3,000-ft-square area. any new 
lodes are discovered the tunnel progresses, they would then located the 
same manner ordinary lode claim with 600-ft 1,500-ft dimensions. 
Lodes known exist prior tunnel location not restrict location the 
time they are cut the tunnel, but are open location the usual manner. 
desirable, square 125 either side and 250 below the 
mouth the tunnel may also staked out, this area nonmineral land. 
Staking dump site consists monumenting the four corners; staking tunnel 
site consists monumenting the four corners and also the end the tunnel 
center line 3,000 from the mouth, from the face, the case may be. 

References ties some permanent monument natural object are the 
same for mill site tunnel site locations they are for lode locations. mill 
site located conjunction with lode claim should give tie course and 
distance between corner the lode and corner the mill site. 


CoMPLETING AND MAINTAINING THE LOCATION 


The surveyor, after staking out the lode placer claim, should post notice 
discovery and location the point discovery and should advise his client 
the validity the discovery hole. The surveyor should fill location 
certificate form for his client file the office the county clerk. This 
certificate should include the name names the locators, the date location, 
and the dimensions the claim, including such description will positively 
identify the intended tract ground. The steps necessary for completion 
mill site tunnel site location are essentially the same, with the obvious 
exception that discovery does not have made. 

After initiating mineral land claim, the locator has certain rights the 
land embraces the methods mining development. may retain 
these rights for himself, may lease sell them another. However, 
order that the location may not become void and the land thereby 
—that is, open location another—the locator his heirs, assigns, legal 
representative must certain development work (usually called assessment 
work) which amounts $100 worth labor improvements each claim 
during each year. For contiguous group claims all this assessment work 
may done one place, long can shown definitely that such work 
benefit each the individual claims. 

Title the land claimed location remains vested the federal govern- 
ment until such time patent issued. Consequently, the locator 
taxes any locations. Assessment work not required mill site 
tunnel site. There have been few depression years and war years during 
which Congress suspended the requirement for annual assessment work 
lode and placer claims. 

The matter assessment work may seem have little with surveying, 
but actual practice the surveyor must able judge whether ample assess- 
ment work has been performed enable his client establish and maintain 
title the claim. The United States mineral surveyor must con- 
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versant with the costs performing various types mining work, inasmuch 
must swear under oath that least $500 worth mining improvements 
have been performed toward the development each claim which patent 
sought. 


SURVEYS 


soon locator has determined that his claim claims have sufficient 
value warrant his obtaining fee simple from the government, applies for 
patent. this point, the surveyor reenters the picture survey the land 
completely and carefully that the government may adequately note the 
position (segregate) and issue title (patent) the tract land. This time 
the survey made under official order duly qualified and appointed 
United States mineral surveyor. 

Mineral surveyors are commissioned application 
after proof technical qualification, general reputation, and fitness for the 
position. The appointment made the United States office cadastral 
engineer through the public survey office for the particular land district 
state which the application made. The mineral land surveyor, re- 
ceiving his commission, must post official bond the sum $5,000 before 
may make official mineral surveys. 

1948 there were 118 men commissioned mineral surveyors the United 
States and Alaska. These men follow the regulations and are under the super- 
vision the Public Survey Offices, although they are not under civil service 
nor they receive any compensation whatever from the federal government. 
Prior 1925, the surveyors were called United States deputy mineral surveyors 
and were under the office the surveyor general for each the so-called 
public land states. The appointment the position surveyor general 
state was political, that the term office was usually short, and the position 
was frequently held some one who might know very little about mineral 
surveys. Prior the issuance the first manual instructions the survey 
procedure was often different different states, and even different one state 
from time time. These differences procedure would occasioned when 
the commissioner the General Land Office issued special instructions 
letter surveyor general deputy mineral surveyor cover some 
special condition, which might treated differently similar case arose 
elsewhere. Occasionally much confusion ensued. 1895 the manual in- 
structions was issued the commissioner the General Land Office 
average the practices various states. With each subsequent reissue 
the manual, variations survey practice have decreased until present, with 
only slight exceptions Alaska, all surveys conform the standards the 
1947 manual.? Although 118 mineral surveyors the United States and 
Alaska may seem small number men carry the mineral survey field 
work, especially when realized that more than 300 surveyors held com- 
missions deputy mineral surveyors for Colorado alone 1900 compared 
mineral surveyors 1948, still there are only commissioned surveyors 
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all the public lands the United States. other words, there are present 
more than twice many mineral land surveyors there are public land sur- 
indicating the importance mineral land survey work. 

Patent procedure for obtaining patent mineral land 
much different from and more complicated than the process obtaining 
patent any other the publiclands. This situation derives principally from 
the fact that for agricultural similar lands entry made quarter section 
which has already been surveyed, monumented, and platted according Land 
Office methods, whereas for mineral lands survey the particular tract must 
made, monuments must set, and plat must made that conflicts can 
shown and computed before the local land office can issue patent. 

The owner owners location locations should first employ United 
States mineral surveyor his their own choosing make the patent survey. 
Before the claimant applies for order for official survey, the surveyor, 
did not make the original location survey himself, should make careful 
survey ascertain that the stakes the ground are where they belong, that 
the claim the proper size, that the desired ground covered, and that the 
location certificate properly describes the claim. great many cases 
necessary amend the location filing amended location certificate 
accomplish these objectives. The official survey bound the location 
certificate, only slight variations being permitted, that the major changes 
usually required poor certificates can made only with great difficulty, 
The survey made for the purpose ascertaining the correctness the 
location, and for obtaining the data for the amended location certificate, 
conducted with the same care the patent survey itself. Indeed, neces- 
sary part patent survey, even though made before the order for official 
survey issued. irremediable mistake between the location staked 
and the location described the certificate discovered after the official 
survey order issued, will necessary amend the location certificate, 
cancel the old survey order and number, and obtain new order and survey 
number. The mineral surveyor will have certify that $500 worth labor 
and improvements have been made for each claim for which patent applied. 

The claimant, who must citizen the United States, person who has 
declared his intention become citizen, corporation chartered the 
United States, applies for order for survey. The application must ac- 
companied certified copies the location certificates the amended 
location certificates, the case may be, obtained from the county recorder. 
The public survey office estimates the cost office work the survey; and, 
when the claimant has deposited this amount, the order for mineral survey 
sent the deputy selected the claimant, together with copies the certified 
copies the location certificates. 

Making the Survey—The mineral surveyor proceeds with reasonable dili- 
gence make the official survey, progress depending somewhat the season 
the year and similar factors. 

Ties Monuments.—In beginning the patent survey, whether the 
relocation survey the true patent survey, the surveyor should determine 
first whether the claim surveyed unsurveyed land. the survey 
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surveyed land good standing, must find the nearest section corner 
the claim, provided one exists within miles. the mountains this frequently 
difficult. The section corners most the mineral districts are stones or, 
occasionally, posts. there have been other mineral patent surveys the 
area, the field notes these claims will show what monument was tied and 
may assist the surveyor the event that public survey corner 
cannot located within miles the claim being surveyed, possible that 
USMM USLM has been established previously the vicinity. 
monument this type may also used tie mineral claim within 
miles from the claim. the mineral surveyor cannot find section corner, 
USLM, USMM within miles the claim, empowered establish 
USMM according the procedure set forth the manual 
times past, the mineral monuments locating monuments have been des- 
ignated letters the greek alphabet, Roman numerals, the names 
the mining district, the names the survey numbers the claim being 
surveyed when the monument was established. There are (1948) more than 
700 monuments this type Colorado alone. The connecting tie from corner 
No. the claim the section corner USMM supposed run directly 
the ground, the connecting traverse supposed described the 
field notes which the surveyor submits the public survey office. Never- 
theless, common practice traverse triangulate the tie, and then 
calculate the direct line and report its bearing and length. The tie may 
calculated through tie from some near-by claim that tie has been verified. 

Ties Conflicting Claims.—The surveyor should next find the corners 
any conflicting claims. There are two prerequisites the search for these 
corners: First, map showing the district with the patented claims platted 
it, available from the public survey office the state sheet” 
published mineral surveyor the district; and, second, abstract 
the field notes the patented claims likely conflict with near the 
claim surveyed, obtained consulting the original field notes file 
the public the notes published some some 
the larger districts, index books have been published giving the township 
and sections which each patented claim Such index book 
may also help locate any conflicting near-by claim. 

Recovery Corners—Starting the discovery hole the surveyor proceeds 
locate any patent corners which are lines existing patented claims con- 
flicting with the proposed claim. there are conflicts, the problem 
simple. The claim laid out conformity with the location stakes and the 
location certificate; monuments are set and marked the corners the claim; 
tie run section corner other public land monument; and, under 
favorable circumstances, the survey may completed day two. How- 
ever, the old established districts, with many conflicts being the usual situa- 


Instructions for the Survey the Mineral Lands the United Bureau Land 
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tion, the surveyor may spend week more just looking for and recovering 
old corners. 

has been the case with all land surveys from time immemorial, the corners 
early mining claims have been poorly monumented according modern 
standards. addition the usual ravages the elements, inasmuch most 
mining districts are located mountainous areas, the monuments generally fall 
slopes where they are subject the general subsidence the land form, 
the destructive forces snowslides, damage from rolling rocks, burial 
dumps from mines, and other destructive factors not common the average 
land survey monuments. The mortality among these patent corners high. 
Because there are practically never any fence lines along the claim boundaries, 
and because the timber which may have existed and been blazed the time 
the survey has usually been cut for use the mines has been swept 
forest fire either accidentally purposely, the problem retracing the bound- 
aries and recovering the monuments difficult one indeed. 

Most the early corners were wood posts. They were required 
minimum in. square and long, squared each end and set least 
deep dug hole (not pointed and driven into the ground, was occasion- 
ally done). The proper markings were carved into the wood, some deputies 
exhibiting great artistry with knife. the time these monuments seemed 
very satisfactory. The posts stood above the surrounding land and, par- 
ticularly above timber line open land, were prominent and easy find. 
With the usual mound rocks around it, the post was reasonably stable and 
would last for quite few years. the deputy used care selecting the post 
and chose cedar, pine, other rot-resistant wood rather than 
aspen cottonwood, and the post was hewn rather than sawed, its lifetime 
might doubled tripled. Probably not more than 10% the original post 
corners lasts more than years without being repaired replaced. 

Some the better mineral surveyors the early days, recognizing the 
importance monumenting the corners more permanent manner, would 
set stone corner they could without too much additional labor. 
These stone corners are, for the most part, still extant. Many the earlier 
stone corners, because they were too small were poorly set, have subsequently 
been destroyed. Some the stones were poor quality; and, the surveyor 
finds that the chisel markings these stones are entirely obliterated, may 
have some reasonable doubt the authenticity the monument. For 
good monument hard, weather-resistant rock least in. long and least 
6-in. minimum thickness transverse section (say, large one man can 
handle roll into place) should selected, set with two thirds its mass 
underground, and firmly braced place. addition, should have 
earth backfill thoroughly tamped around and should surrounded 
pile rocks. Such monument will withstand all but the most extreme 
natural destructive agencies. 

not especially unusual for corner the mountains fall large 
boulder solid rock. this case, the chisel markings, made properly, 
will last almost indefinitely. Occasionally, tree may the corner point; 
so, will blazed and properly scribed, with nail placed the corner 
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point. suitable tree, adequately marked, makes good permanent monu- 
ment. rare cases, cut stone, heavy mine rail, light railroad rail, concrete 
posts have been used the corners. Since 1930 very few iron pipes with 
flaring base, concrete core, and brass aluminum cap for marking with steel 
dies, similar the type adopted for public land survey monuments, have been 
used. These have been highly satisfactory except the rare cases where 
minerals the soil water may attack the iron pipe. Therefore, despite the 
additional expense for installation, pipes will probably used large extent 
the future. However, all these last few materials are usually relatively 
expensive and difficult transport the site. difficult impress the 
average owner with the necessity establishing monuments that will 
permanent possible, although more expensive. 

From the abstract the original field notes the surveyor ascertains that 
the corner looking for consists certain material. there are several 
conflicting claims, there may several references from one survey another 
which may help show just where corner may have been previously found, 
and what condition. course, the corners may have been reset replaced 
and may possibly some other material than the original, although the 
latter case unusual. makes his search, the surveyor should have 
full description any local bearings such bearing trees bearing rocks. 
This information particularly important for post corners, since most cases 
these local bearings may the only evidence left the position the corner. 

Historical one corner has been identified start 
from, frequently possible set the transit over this point and rerun the 
old lines and ties described the abstract field notes, thus recovering other 
necessary corners. However, historical considerations described herein- 
after frequently complicate the seemingly simple operation retracing old 
lines. 

previously described, the variations individual instructions caused 
much confusion the very early patent surveys, each surveyor general 
issued his own instructions for the conduct each survey. addition, 
each mining district state, each claim had its own mineral survey number, 
beginning with No. (presumably the hypothesis that there were already 
thirty-six sections tracts township). Between 1879 and 1890 all these 
mining districts were coordinated each state, and since then the numbers 
each state have been assigned consecutively. Colorado, with the greatest 
number, has 20,709 survey orders total 27,940 including the subtotals 
from the seven separate districts. with the second highest number, 
has 10,802 survey orders. Until about 1883, general, only single claims were 
patented; after that time two more contiguous claims could patented 
group and with only one survey order number. 

The very earliest patented claims were cut off where they conflicted with 
another claim the case with the Beverly lode (Fig. 2(a))—resulting 
odd-shaped tract. This practice was soon discontinued, because any error 
the survey the setting the monuments might leave small fraction 
unpatented ground between the claims. For the next few years, one lode was 
prohibited from lapping across another prior lode done the Horseshoe 
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lode location acquire area (Fig. Between the years 1891 and 1900 
ruling required that claim such the Garnet lode (Fig. 2(c)), which con- 
with prior lode, must cut off the point where its lode line inter- 
sected the prior lode. This practice caused many small unpatentable fractions 
land created. Fig. 2(d) shows special case this same ruling where, 
agreement the two owners, the Ben lode could extended obtain 
patent additional tract Since 1900, the claims have been permitted 
extend into one another. course, vacant ground covered, there 
advantage extending claim the full 1,500 length the full 600 
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width, since conflict with other claims adds the cost the survey. 
all cases where circumstances permit it, the most ground covered with the 
least conflict laying out the claim that has skewed end line, 
Fig. 

Originally, claim corners were numbered either clockwise counterclock- 
wise. some groups claims, common corner might numbered—for 
each claim. Colorado during the period from 1886 1892, the corners 
were numbered consecutively through the claims the group. This system 
numbering convenient because person finding corner No. knows im- 
mediately where with respect the entire group, instead knowing only 
that has found corner No. some one perhaps dozen claims 
group. From 1892 1925 the corners were simply numbered rotation 
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from (or depending the number sides) around each indi- 
vidual claim, which led much confusion. Since 1925, the corner nearest the 
section corner, USMM, must No. and the mineral surveyor has been 
required put the initial enough the name the claim each corner 
permit its identification. 

The main cause confusion and difficulty retracing old surveys the 
so-called ruling which was effect from June, 1899, August, 
1904. This Land Office regulation required that existing claims were 
tied the place where the approved field notes described them, regardless 
where any existing corners might place the claims. least paper, this 
ruling would appear simplify the surveying and insure the most economical 
coverage the ground. However, this regulation would comparable 
ruling which would require that henceforth all section corners are con- 
sidered located where the original subdivision survey notes place them, rather 
than where they actually may found the ground. Such ruling con- 
trary all court decisions, since the position existing monuments the 
ground considered the best evidence the true and desired location 
tract land. The largest differences between the described position and the 
monumented position claim occurred when there was error the tie 
the section corner USLM, hence the name ruling. These 
errors varied from negligible amounts several thousand feet, the latter 
usually occurring where section corner was not properly identified. course, 
differences the claim were also caused errors mistakes the survey 
the boundaries themselves. The status all claims found have erroneous 
descriptions, conflict with claims which did have, was very un- 
certain during the period that the ruling was effect. Con- 
sequently, many the old claims with imperfect descriptions were “re- 
patented” even though the monuments both surveys fell the same place. 
Similarly, many the claims which were patented during this period and 
which were adjacent conflicted with claims having erroneous descriptions 
had resurveyed and “repatented” after the repeal the Land Office 
ruling, because during this period, the claims were occupy certain vacant 
parcel ground, the erroneous ties and lines the adjacent surveys had 
called correct and reconsideration claims proceeded that basis. search- 
ing for old corners and making the present survey and description, the mineral 
surveyor must keep all the foregoing facts and approximate times mind. 

the earliest days mineral land surveys many the deputies used the 
the old link chain for making measurements. these chains were used, and 
the links wore, the measurements gradually became longer and some the 
claims were thereby made too long. During the early 1890’s, the chain was 
superseded steel tapes, and thereafter errors from this source disappeared. 
the other hand, many the early claims are too short because the deputy 
surveyor had been making public land subdivision surveys and was familiar 
with would badly misjudge the mountain slopes and 
not unusual for the engineer resurvey find claim described 
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Recently has been determined that general earth movements after many 
the claims were surveyed (in some cases much years ago) have caused 
movements entire claims one corner claim with respect the other 
corners. This movement is, course, most noticeable the steeper moun- 
tains, where the shape the slope may seem intact; and, indeed, the individual 
corners may appear very firmly set their original positions. Never- 
theless, careful surveys made intervals years more plainly show 
gradual movement and settling entire mountainside. one particular 
case where rather valuable claim Colorado was surveyed for patent 1876, 
side-center monuments were set claim, one the side-line points falling 
ledge solid rock, and therefore being marked chiseled the 
ledge. The claim lies along the face steep mountain and slope com- 
posed mostly slide rock. All the corners have apparently remained 
place” continuously. 1900, this claim was resurveyed another surveyor 
during the process surveying adjacent claim, and was discovered that 
the side line departed from straight line about the end—that is, 
there was angle about 05’ the claim the side center shown 
Fig. 1928, the movement had become large that several apparent 


Position Claim 


being such cause the apparent apex the vein cross the end line rather 
than the side line; and these fractions were then patented insure complete 
coverage the vein. this case the title more than $1,000,000 worth 
ore was affected. 1938, the surveyor who had made the survey 1900, and 
others various intervals since that time, had occasion make rather ex- 
tensive survey all the claims the area. rerunning the lines they 
existed 1900, was able show that the fractions between the original 
claims were probably nonexistent the surveys 1876. 

Another instance this earth movement claim which has one end line 


top mountain ridge and which extends 1,500 down slope consisting 


slide rock inclined about 35°. One the monuments the lower end line 
large stone set niche point solid rock. all appearances this 
stone stable and permanent possible. This claim, determined 
several independent measurements, was 1,500 long when was patented 
1942 the monuments had moved apart, the lower point solid rock 
apparently settling downhill, that the length the claim between monu- 
ments was 1,504 ft. The examples just cited are believed unusual the 
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United States because the time interval between unquestionable observations 
and the magnitude the movement. Some studies have been made the 
movement rock glaciers (great masses broken rock which 
manner similar the familiar ice glacier). The report these some 
which are yet unpublished, may throw some light the apparent errors 
some old mineral surveys which, although made reputable surveyors, 
show unaccountable errors. 

Earth movements are also caused known active faults settling due 
mining operations. All instances movements the monuments pose very 
interesting and complex problems title which engineers and land surveyors 
are vitally concerned, particularly court cases. 

Precision.—On all mineral land surveys made since 1872, the required pre- 
cision, measured error closure around the claim, 2,000. This 
error not such make the claim exceed the statutory 
that is, one side line 1,500 long, the other must between 1,499.25 
and 1,500.00 long. However, even difficult terrain, the mineral surveyor 
can and usually does, maintain precision about 5,000. The angular 
variation allowed min. 

Prior 1872, the magnetic compass was used for determining the bearings 
lines some mineral land surveys. Since 1872, use the compass has been 
prohibited and direct solar observation with transit has been required. For 
many years Polaris observations were not permissible, despite the fact that 
they can more precise than solar observation. present (1948) either 
solar Polaris observation acceptable, but, previously stated, most 
mineral surveyors prefer the solar observation. Ordinarily six observations 
with three direct and three reversed will produce results which will agree within 
min angle. True bearings for the lines many the first surveys any 
given area were carelessly determined, perhaps because compass values alone 
were read. However, the land has become more valuable and other surveys 
have been made with greater care, the determinations have been quite satis- 
factory. 

all surveying field work, each surveyor has his own technique and 
procedure—some use the deflection method, some the azimuth method; some 
double the angles, others not; and some orient the method plate re- 
versals, some plunge reversals. Probably the method used more mineral 
surveyors than any other the bearing traverse method previously mentioned. 
all cases where the ground all irregular steep long tape (usually 500 
long) used. Vertical angles are read, and slope measurements are made 
and reduced give true horizontal distances. Stadia measurements are not 
permitted Occasionally the terrain lends itself triangu- 
lation network, particularly several claims are included one survey order 
that large area covered. this case the lines between the triangulation 
points might span some the rough heavily timbered terrain and only short 
traverse lines would have run the discovery holes the position for 
corners. Conditions would vary depending the extent the triangulation 
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network, but rarely would the angles repeated more than three with 
transit. The base line for such system would probably double 
chained, and spring balance and temperature corrections might used 
obtain greater accuracy for extensive system. Since aerial photographs are 
available for most the mineralized area the United States and Alaska, min- 
eral surveyors will become more familiar with Particularly where sev- 
eral locations are embraeed one survey, the aerial photo gives over-all view 
the area and invaluable reconnaissance aid the surveyor. Essentially, 
gives him map the area before starts into the field that can select, 
for his traverse lines and triangulation stations, positions which will avoid heavy 
clearing and difficult field work. 

Monuments for the corner points would composed rock place, iron 
pipes, set stones, posts, that order preference, indicated previously. 
each corner one more bearing trees bearing rocks should located 
with respect the corner wherever this possible. Such local bearings pref- 
erably should within the corner. the position the corner falls 
road, stream, loose bank, other place where permanent monument 
could not established maintained, witness corner would set one 
the lines the survey and near the true corner possible. course, com- 
plete descriptions the corner monuments, bearing objects, witness corners 
would included the official field notes insure identification the 
corner any future time. 

Field surveyor required run tie between the nearest 
public survey monument and the corner each the claims patenting 
which nearest the monument. cases where the claim being surveyed 
conflicts lies near previously surveyed claims, the surveyor his official 
field notes reports how identified the corners which found these old 
claims and what condition they were how may have reset re-marked 
them. also required the Land Office run connecting line from 
some corner the claim surveying corner each conflicting surveyed 
claim, and also corner any conflicting unsurveyed locations which will 
exclude area from his claim. addition, more recently, connections have 
been required any near-by claims even though they may not conflict. Also, 
for the claims which conflict, the surveyor’s field notes must report the dis- 
tance along the line the present survey the point intersection with the 
line the old survey and the course and the distance from that point along the 
line the surveyed claim one the other the corners. any corner 
these conflicting claims falls within the claim being surveyed, the course and 
the distance from the point intersection the lines this particular corner 
should given. course, give the bearing and the length along line, 
monuments the ends the line must located. the event that all the 
corners required for fixing the positions conflicting lines cannot recovered, 
the mineral surveyor must exercise considerable judgment based past ex- 
perience and the evidence hand the probable location the con- 
flicting claim. The record position the claim may adopted basis for 
defining the conflict. any case, the field notes must give complete de- 
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scription the evidence the time the survey and the reasons for the 
adopted values. 

Joint Surveys.—In addition reporting the condition the corners which 
are found, the mineral surveyor must report his official field notes any differ- 
ences which finds the approved field notes the conflicting claims. 
earlier days whenever deputy reported another claim error, the deputy who 
made the conflicting survey was required resurvey the disputed area and 
file amended notes concerning the errors reported. case the deputy who 
surveyed the first claim denied that there was error, joint survey was 
ordered the surveyor general made the two deputy surveyors 
jointly. The deputy found error paid all expenses and $10 per day the 
surveyor found substantially correct. This practice generally produced 
good results because reputable surveyor wants shown that has made 
mistake. However, the system became impractical and was abandoned 
about 1925, because many the earlier surveyors had died that joint surveys 
were usually longer possible. the present time (1948), errors are re- 
ported and notations that effect are made the original official plat 
the public survey office. 

Placer and Site procedures for the survey placer 
mill site claims are essentially the same have been described for lode claims. 
lode and mill site are both included the same survey, the lode claim 
survey number followed the letter and the mill site number followed 
the letter tie must run from corner No. the mill site some 
corner the lode and also public survey mineral monument. Ifa 
placer claim separated known lodes into two more tracts, each these 
sections should have separate series corner numbers. avoid confusion 
some surveyors call the corners one tract Nos. and forth, and those 
public land system, survey necessary segregate the area, and patent 
may issued directly. The placer then has mineral entry number similar 
the familiar homestead entry numbers. there any doubt the exact 
positions the public survey monuments, there many mountainous 
regions, the applicant will wise apply for official mineral survey, 
sure his corners cover the land wants. entirely possible that one clai- 
mant might have contiguous lodes, together with mill sites and placers, all 
surveyed under one order survey. 

Improvements.—At some time during the progress the survey the mineral 
surveyor must locate all mining and other improvements. lode claims 
these improvements preferably will located course and distance from 
some corner the claim, although they may tied some point the lode 
line—usually the center line—of the claim. total $500 improvements 
since the date discovery must shown obtain patent, and the mineral 
surveyor must certify this value. The only improvements whose value 
applies toward the necessary $500 are mining expenditures made the clai- 
mant since the date discovery. The discovery hole the first such improve- 
ment. Except for the discovery hole, the improvements may outside the 
claim such improvement actually benefits the claim—for example, drainage 


| 


MINERAL SURVEYS 225 


tunnel for deep development the claim. Where more than one claim being 
patented group, all the development work may done one place, witheach 
claim being credited with equal share the total value the improvement 
all these claims are common ownership. Other improvements such 
roads, buildings, and other structures ordinarily not classified mining expendi- 
tures, well any topographic features such streams, roads, cliffs, should 
noted since all these may help identify the position theclaim. 
site taken conjunction with lode, expenditures are required beyond 


the $500 required the lode. mill site taken site for reduction 


plant, the structures should located. 

Since September, 1882, descriptive report has been all 
placer claims, including type soil, type timber, size and position streams, 
improvements the claimant, and many other items. The field work 
locating the various improvements and topographic features the same for 
any ordinary mine survey topographic survey and need not described 
detail. 

Occasionally claimant may attempt obtain patent when has not 
performed sufficient work his claim claims. this case the mineral 
surveyor must remember his code ethics and that under oath; must 
refuse make his official statement the value the improvements until 
the work has been done. differences between the actual cost and the 
apparent value some improvements occasionally arise. Each.of these cases 
must considered the mineral surveyor its own merits. 

The surveyor prepares plat the survey scale 200 the inch, 
writes the field notes, makes his area calculations the method double 
meridian distances, and sends copies all these the public survey office for 
the state. The form for each these specified, the details being given 
the manual instructions.“ everything order and the notes and calcu- 
lations are correct, the cadastral engineer approves the survey. Ifa mistake 
found, the notes are returned for correction. Occasionally, through some 
irregularity, amended survey the area may ordered the Director 
the Bureau Land Management. Special instructions the object and 
methods the amended survey are issued the mineral surveyor. Every 
place the survey number this amended survey appears, whether the 
monuments the field the notes, the abbreviation used after the 
number. 

The services the mineral surveyor are supposed, law, completed 
this point. However, there are many legal forms filled and land 
descriptions written. other claimant files adverse claim the 
area embraced the survey within days, the patent then issued the 
claimant his payment for each acre fractional part acre for 


lode claim mill site areas, $2.50 for each acre part acre for placer 
acreage. 


“49 Land Decisions,’’ General Land Office, U. S. Dept. of the Interior, Washington, D. C., April 11, 
1922, Vol. 58, Paragraph 167. 


Instructions for the Survey the Mineral Lands the United Bureau Land 
Management, Dept. the Interior, Govt. Printing Office, Washington, C., 1947, pp. 
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CoNCLUSION 


Nowhere (as 1948) literature there any complete presentation the 
history, methods, and instructions for the survey tracts mineral 
although this land the only type public domain patentable the United 
States and although all land rising value. Because land surveyor, civil 
engineer, mining engineer may have resurvey subdivide these tracts 
mineral land, which are numerous, particularly throughout the western part 
the United States, this paper has presented the general features mineral 


land surveying. The day the small prospector about gone; and, the’ 


individual claims are consolidated into larger groups under one management, 
will increasingly important survey and patent the small, irregular, un- 
patented fractions land left between the original claims. This important 
work will necessitate thorough knowledge the historical conditions the 
times those earlier surveys, herein presented. new mineralized dis- 
tricts, yet found, the claims doubt will laid out more regular 
form avoid all the conflicts and exclusions the older system. More- 
over, the importance monumenting the tracts land permanently 
possible cannot overemphasized, since the engineer retracing old boundaries 
finds the greatest difficulty and spends the most time with this phase the 
work. This paper, presenting some the techniques the past, should 
help the engineer save time resurveys involving tracts mineral land. 
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DISCUSSION 


opportune view the current activity mineral land surveying. 
the engineering technique (which, course, paramount importance 
paper this nature) apparently covers the subject. Only where the author 
touches upon matters pertaining United States mining laws and the Bureau 
Land Management practice few questionable points arise. 

adequate discovery mineral within the boundaries any mining 
claim, whether lode placer, prerequisite valid location. Therefore, 
the specification under the heading, Mineral Claims: Placer Claim,” 
that 

the discovery [upon placer] must not just discovery min- 


eral, with the lode claim, but must discovery commercial de- 


singular court decision. 

length miles miles being not uncommon for 160-acre gulch 
probably applies the earlier official mineral surveys. fact that the 
rule enunciated the mining regulations fixing limitation the length 
placer claim will not applied where the mineral deposits are confined within 
narrow strip land the bed and the banks small stream canyon 
flanked abrupt walls rocky slopes each side, containing mineral, 
agricultural, timber However, the matter whether placer loca- 
tion conforms sufficiently requirements question fact for determination 
the Bureau Land Management the light the showing made each 
particular case, and the locator should bear mind that not the current 
policy the federal government sanction entries locations that cut the 
public domain into long narrow strips grossly irregular and fantastically 
shaped 

The Act Congress May 10, 1872, the which, Mr. McNair 
states under the heading, ‘‘Location Surveys for Lode still prevails 
1948, apparently did not specify that lode location—other lode 
within not less than each side the lode line. 
Section 2320 the Revised Statutes states: nor shall any claim 
limited any mining regulation less than twenty-five feet each side 
the middle the vein the 

The smallest legal subdivision the public surveys provided for the 
mining laws tract acres, normally square form; and very im- 
probable that, the location and entry placer mining claims, rectangular 


Cadastral Bureau Land Management, Region II, Dept. the Interior. 
Glendale, Calif. 


“**Land Decisions,” U. 8. Govt. Printing Office, W ashington, D. C., Vol. 53, 1933, p. 431. 
" Ibid., Vol. 37, 1909, p. 250. 


Statutes the United States, Section 2333, Govt. Printing Office, Washington, 
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“tracts small acres” (as stated under the heading, Surveys for 
Placer Claims’’) would recognized and treated legal 

Rules and regulations the Bureau Land Management very definitely 
not require that the boundaries placer located legal subdivisions 
staked because, stake placer this manner,.a survey obviously would 

preparing location certificate for placer that officially surveyed 
for patent, also very important include the name the Under 
the mining laws certain states (which are supplemental those the United 
States), this feature mandatory (Public Resources Code California, Section 
Also, the possessory right mining claim taxable some states 
—as, for example, California. (Section 3617 the California Political Code 
defines ‘‘right the possession real estate (see People Scherer, 
California 645).) 

perusing the section “Patent Surveys,” especially the opening and 
closing paragraphs, and the statement following the subtitle, Notes,” 
uninformed reader quite probably would infer that application for 
official mineral survey tantamount patent application. However, these 
are two separate and distinct procedures. The application for survey 
merely preliminary action, addressed the Public Survey Office, for the 
purpose obtaining official description the claim. After the approval 
the survey the Public Survey Office, there limited period (if ever) 
during which the mineral claimant may make the actual application the 
District Land Office for patent the property. 

Mineral land not only type public domain patentable the 
United States,” stated under the heading, “Conclusion.” Disposals are 
currently being made through the Bureau Land Management practically 
all classifications permitted under the public land laws. 


commenting upon Mr. excellent paper, 
might well note that, although the writer has held commission 
mineral surveyor since 1932 except during World War II, his experience has 
been limited Arizona and consequently this discussion will based such 
local experience. 

Under the heading, Surveys for Lode Mr. 
mentions that since 1920 the majority location surveys has been made 
and the descriptions have been written Such not the case 
Arizona; the writer, for example, has made very few such surveys the course 
almost years practice, and quite unusual find location notices 
record with bearings any more specific than “westerly, southeasterly, etc.” 

Mr. MeNair mentions the necessity for “bending” claims keep all the 
vein within limits Mineral Claims: Lode Claim’’). fairly 

1*** Land Decisions,”” U. 8S. Govt. Printing Office, Washington, D. C., Vol. 34, 1906, p. 260. 


Circular No. 1278, Bureau Land Management, Govt. Printing Office, Washington, 


- = of Federal Regulations,’ U. 8. Govt. Printing Office, Washington, D. C., 1940, Pt. 185.14, 
title 43. 


2 Circular No. 127, California Div. of Mines, State Printing Office, Sacramento, Calif., 1044. 
® Cons. Mining Engr.. Mineral Surveyor, General Land Office, Patagonia, Ariz. 
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common case that which bend the outcrop caused solely the 
topography, the vein itself being straight possible. For example, con- 
sider the case rather flat-lying vein striking across flat, and hill. 
Where the slopes the hill and the vein intersect (on the outcrop), definite 
deflection will apparent the horizontal increasing the hill 
steepens the dip flattens. 

not the present policy the Land Office require side-center monu- 
ments set, Arizona, mentioned the field notes, although end- 
center monuments (or their counterparts each end the lode line when the 
lode does not cut the end line exactly its center) must set. 

Although has not seen the law writing, the writer’s understanding 
that, Arizona, mill site may not preempted patented contiguous 
lode claim. 

Although the length the lode line may not exceed 1,500 ft, the side lines 
may longer—in fact, length almost The latter possible 
the case keystone-shaped claim with 1,500-ft lode line, with one end 
line 600 long and the other, say, long. However, triangular claims are 
not allowable, doubt because the ensuing extralateral rights which require 
differentiation between side lines and end lines not possible with figure 
this shape. 

the case lode claims, limit placed, Arizona laws, the number 
claims individual may hold, although each mining district may enact such 
limitations. With placer claims, however, each locator may hold but one 
20-acre claim, whereas association may hold acres for each individual 
within the organization. Although the laws this matter are rather vague 
and incomplete, they have been interpreted mean that eight-man group, 
for example, can hold 160 acres placer ground either eight 20-acre claims 
one 160-acre claim. 

Mr. mentions the inclusion level rod his survey outfit, 
but does not state how might useful during the actual prosecution the 
survey aside from its obvious use stadia rod for rough check taped 
triangulated distances. The writer’s party carries rod quite frequently 
adjunct the work claim surveying for patents. useful for 
less important workings, buildings, and roads. the frequent cases where 
wide canyon spanned long tape quite handy note the position 
the center the gulch stadia with sufficient accuracy for the purpose, and 
such improvements roads and pipe lines may readily located traversing 
stadia from convenient points (not necessarily corners) along any the 
traverse lines being taped. other such work, well tie both ends 
such traverse rather than leave with position check the far end. 

Mr. does not mention that mineral surveyors are precluded, 
Land Office ruling, from acting, directly indirectly, attorneys for the 
claimants seeking patents. Many claimants believe that the mineral surveyor 
the person aid them filling out their requests for survey orders and other 
subsequent required paper work. Although, some respects, the logical 
person consult these matters not normally fitted training (or 
temperament!) for this phase the procedure. 
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excellent paper mineral surveys is, the 
author states, the first technical discussion presented many years that goes 
beyond the bounds the Instructions for the Survey the 
Public Lands the United Although 1948 there were 118 com- 
missioned mineral surveyors, must realized that many these men are 
the higher age brackets. There the field for younger men; hence, 
the paper timely. Furthermore, since changes the mining laws are being 
considered, the paper offers excellent basis for appraising the present status 
patented mineral lands. 

The original paper was being prepared during the reorganization the old 
General Land Office, which was effect merger that office with the 
Grazing Service under the new Bureau Land Management. Therefore, the 
following may serve clarify several conflicting statements. 

Mineral surveys the western United States, together with all public 
land surveys, were made originally under the direction surveyor general’s 
office for each state territory, this office being division the General 
Land Office. 1925 the several offices surveyors general were abolished 
and their stead public survey offices were established under the supervision 
office cadastral engineer. that time the supervisor surveys 
position established 1910 for coordinating cadastral engineering work) as- 
sumed direct responsibility for the functioning the public survey offices and 
reported directly the commissioner the General Land Office. result 
President Harry Truman’s Reorganization Plan No. effected July 16, 
1946, the position supervisor surveys was abolished along with the General 
Land Office. The United States including Alaska was divided into regions, 
each headed regional administrator whom, accordance with the 
general theme decentralization, has been delegated much the authority 
and many the duties formerly centered Washington, The Bureau 
Land Management, which, addition surveying, has assumed all the 
former functions the General Land Office and the Grazing Service, headed 
director Washington. The public survey offices have remained essenti- 
ally the same, and the office cadastral engineer accepts applications for, and 
approves, all mineral surveys. records mineral surveys are file 
these offices. Although appointments mineral surveyors are made the 
regional administrator, applications are directed the proper public survey 
office. 

The technical information contained the paper exceptionally accurate, 
and any criticism offered could only picayune manner. However, the 
author states (under the heading, that since 1935 
patents for homesteads and for stock raising homesteads have been essentially 
land] the only type public domain patentable the United 
States *.” true that mining claims may located anywhere the 
public domain except obvious reservations such national parks and 
monuments and areas withdrawn from entry for specific purpose, such 
power site withdrawals. 


* Mineral Engr., Public Survey Office, Bureau of Land Management, Denver, Colo. 
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seems advisable point out that the homestead laws are still effect 
and that the decline homesteading activity may attributed mainly 
the lack desirable land. accordance with the strong policy conserva- 
tion being vigorously prosecuted this time (1949) order assure 
continued high standard living for the United States, and because the many 
demands for other uses the land, patents are not granted promiscuously 
any applicant without scrutiny his qualifications under the public land 
laws. This fact, coupled with the character available land, explains the 
lessening number patents issued. However, applications under the various 
land laws are welcomed and isolated tracts public domain that cannot 
administered effectively the Bureau Land Management are offered 
public auction. 


ASCE.—A substantial contribution the subject 
the mineral land surveys within the western states the former public do- 
main has been made Mr. McNair. The psper supplies basic information 
that needed both the claimant and his surveyor where new discoveries 
mineral are made the vacant public land and, also, for the identification 
the boundaries the older mineral claims wherever that may required. 
There has been much less activity this field since the issue the 
Instructions for the Survey the Mineral Lands the United States,” 
That manual contained the rules survey and entry then effect, 
together with citations the United States statutes. 

Concurrently with the period from 1895 1909, most valuable article 
the subject the problems and field procedure incident the making mineral 
surveys was Robert Stockton and Edward Arthur, Jr. 
Appendix the textbook which this chapter appeared was reprint, 
full, the official 1895. Chapter and Appendix 
the textbook (which was prepared time great activity mining), to- 
gether with the elucidation the subject Mr. McNair nearly years 
later, are veritable for tracing the history and practice the 
execution mineral surveys. Literature this category rare, and difficult 
find hand just when needed. 

The administrative work incident the mineral surveys the offices the 
surveyors general, and after 1925 the public survey offices, General Land Office, 
United States Department the Interior, decreased very materially between 
the years 1909 and 1930. 1930 the technical rules, regulations, and practice 
then effect for the making the mineral patent surveys were published 
Chapter the general ‘‘Manual Instructions for the Survey the Public 
Lands the United States,” historical data regarding mineral 


Kidder and Thoma, Terre Haute, Ind., Commr. the Supreme Court the United States, desig- 
nated for the marking of the boundary between the states of Colorado and New Mexico; formerly Cadastral 
Engr., Gen. Land and Bureau Land Management, Dept. the Interior. 

Instructions for the Survey the Mineral Lands the United Gen. Land Office, 
U. 8S. Dept of the Interior, U. S. Govt. Printing Office, Washington, D. C., 1909. 

Theory and Practice Surveying,” Johnson, John Wiley Sons, Inc., New York, 
Y., 16th Ed., 1902, Chapter XI. 

Appendix 

Instructions for the Survey the Public Lands the United Gen. Land Office, 
U. 8. Dept. of the Interior, U. 8. Govt. Printing Office, Washington, D. C., 1930, Chapter X. 


232 KIDDER MINERAL SURVEYS 


surveys were supplied the 1930 manual. that time the greater part the 
regulations concerning the making mineral location the vacant public 
lands was issued the form departmental circulars, each limited partic- 
ular scope the subject. The circulars were brought date from time 
time keeping pace with new legislation departmental exceutive orders, and 
the decisions mineral contest cases. The general manual 1947? brought the 
technical practice date. this time the deletions from the earlier 
manuals were those parts nontechnical subjects, which are better treated 
circular form required conform with current legislation. 

Basically, the technical procedure for the making the mineral patent 
survey expressed the general manual 1947 little different from the 
practice 1895 1909. However, the paper indeed most important 
treatment for those who now for the first time are brought face face with 
these questions. 

well bear mind that contest cases between mineral claimants con- 
cerning the right entry are subject adjudication the director, Bureau 
Land Management, under the supervision of, and the right appeal to, the 
Secretary the Interior. After patent has been issued, any possible contro- 
versy concerning the position the boundaries, and other questions relating 
the title the property, come under the state law and the jurisdiction the 
courts that particular mining district county, which possess the sole 
authority adjudicate such cases. this respect mineral suits are similar 
other boundary and title litigation, except for the rules that give the right 
follow the lateral inclination dip the lode underground beyond the vertical 
projection the side lines. 

point much importance understanding the practice mineral sur- 
veys that the early discoveries free gold California, Colorado, South 
Dakota, and other western states were made during the frontier days, some 
cases even preceding territorial status for those districts. Each new discovery 
brought rush prospectors. Primitive rules law and order were set 
the miners themselves, including their own plan for staking out mineral claim, 
and posting public notice. Later, perfect the title, legislation was enacted 
Congress set uniform legal right entry under which patent the 
United States might issue the rightful claimant. Thus, effect, the miners 
themselves initiated the first rules. These were then clarified and codified into 
the general mining laws 1872, stated. 

The present general laws relating the public lands, and the regulations 
thereunder, are available the Federal Regulations, Title 
Lands, the most recent which are printed the 
tive 

The federal code includes many subjects such the legal right mining 
development the natural resources oil and gas, potash, phosphate, coal, 
and other minerals found the vacant public lands, and also the proce- 
dure, authorized law, for the exploitation deposits that may dis- 
covered within the various reserved Another important consider- 


% “*Code of Federal Regulations, Title 43—Public Lands, Interior,”” Cumulative Supplement: Chapter 
I, Subchapter L, and Pt. 185, Supt. of Documents, U. 8. Govt. Printing Office, Washington, D. C. 
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ation also suggested: large number patents that have issued recent 
years for entries under the general land laws contain clause that reserves the 
mineral right the United States, the entryman thus gaining title the sur- 
face right only. The prospector, geologist, mining engineer, mineral surveyor, 
others concerned, when confronted with these questions, should consult the 
nearest public survey regional office the Bureau Land Management 
request the information from the Washington (D. C.) office. 

The research record data should include examination the field notes 
and plat the township survey, the area has been subdivided, these will 
show the location the mineral surveys that were existence the time 
the subdivisional survey. Also, the meaning and importance the General 
Land Office ‘‘supplemental within these townships should noted. The 
supplemental plats were prepared from time time needed accommodate 
one more nonmineral entries the public land that adjoined the patented 
mineral lands. these cases new lottings were designated order give 
suitable description for the nonmineral fractional lots. new field work was 
done for the preparation the supplemental plat, the latter being based the 
field note record the mineral patent survey when platted through the direction 
and the length the lines connecting the subdivisional survey. 

active field, new supplemental plats were frequently required new 
mineral discoveries were made, but only some nonmineral applicant initiated 
entry the adjoining land. lesser extent, and only recent years, 
“mineral segregation” surveys have been made under the special admin- 
istrative instructions the Department the Interior where needed order 
accommodate nonmineral entryman lands adjacent known valid 
mineral claim where the latter had not proceeded mineral patent. 

Looking ahead, almost certain that new discoveries will made, some 
them the surface, and that others will found much deeper the ground 
within the boundaries the older mineral patents, which are possibly the 
parent source the early surface discoveries. 


Assoc. this paper the writer pre- 
sented material the history and methods making mineral land surveys 
because felt that the subject had not received any attention from the engi- 
neering profession since the turn the twentieth century. The comments 
emphasize the timeliness the subject because the old-timers familiar with the 
procedures peculiar this type surveying are rapidly diminishing numbers. 
Furthermore, the number both patented and unpatented mining claims has 
been increasing continually during these years while the same time the 
corner monuments fixing their positions the ground have become increasingly 
difficult find. 

This situation, stated Mr. Meldrum, creates fertile field for the 
development young engineers. large sections the old mining districts 
are consolidated for unified operation larger companies, the need for resurvey 
the old claims, together with the location and patenting new claims 
cover the vacant fractions, immediately felt. more than passing 


™ Associate Prof. of Civ. Eng. and Head of Surveying Dept., Cornell Univ., Ithaca, N. Y. 
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interest note that titles claims old established mining district are 
usually such condition that least two three years work required 
legal counsel before mining company can consolidate ownerships and begin 
operations. 

The discussions indicate that there are continual changes the administra- 
tion the lands the public domain and that these have produced some 
changes the procedure making mineral land surveys. substantial 
contribution this paper has been made the discussions which describe the 
functions the Bureau Land Management, United States Department 
the Interior, which now administers the lands the public domain. 

Because the discovery gold—and other mineral values—was frequently 
the reason for the early settlement many the western states, and because 
each mining district grew autonomously, not surprising that today 
there are local variations mining laws and regulations. The hope the 
writer that these variations would presented those discussing the paper, 
thereby making more applicable the entire United States, has been 
partly fulfilled. Since California probably does more placer mining 
than any other state, the discussions presenting the variations placer surveys 
that state compared others are important. interesting note 
that the possessory right unpatented claims the form locations tax- 
able California this sets different economic risks for locator than are 
established where locations are not taxed. 

The requirement Arizona that end-center monuments (or their 
counterparts each end the lode line when the lode does not cut the end 
line exactly its center) must set differs from the procedure 
other states. The writer cannot understand the necessity for end centers. 
Cerfainly they serve useful purpose, and one cannot help but surmise 
what the mineral surveyor might designate the lode line for claim located 
region disseminated copper porphyries where there are precise 
boundaries, such Arizona, region sedimentary so-called blanket 
deposits such occur many places the western states. 

With the introduction European-make transits into the United States, 
considerable part the writer’s discussion concerning the precision 
mineral land surveys will modified. Some these instruments are not 
only much lighter and easier carry but are more accurate and much easier 
read than the conventional American transits described the paper. 
phase surveying are portability, accuracy, and ease reading more essential 
than mineral surveying, and the next few years will doubtless see im- 
provement procedures corresponding the improvement instruments. 
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Paper No. 2398 


PHOTOGRAMMETRIC SPACE RESECTION 
CARL JUN. ASCE 


The principal object this paper present direct mathematical method 
finding the elevation the exposure station and consequently the tilt and 
the swing, desired, aerial photograph. Since three points space 
determine plane (Fig. 1), the three vertical distances and (Fig. 2), 
from horizontal plane through the exposure station the images, and 
the photograph the three ground control points, and determine 
the position the photograph space. Therefore, the swing the photo- 
graph not necessarily required provided the values and have been 
specified. Furthermore, the solution the space resection problem only 
relative quantities are required expressive the three ground points. 


The problem photogrammetric space resection has been solved various 
present paper added the list for several reasons. The 
method developed: 


(1) Demonstrates adaptation vector analysis which novel and 
interesting; 

(2) Offers more direct procedure than its predecessors, permitting the 
exact altitude the exposure station aerial photograph; 

(3) Provides procedure adapting photogrammetric work areas where 
the customary type geodetic control impossible infeasible; 

(4) Yields all data necessary for the rectification tilted photographs; 

(5) Avoids the necessity observing the swing; 


Nore.—Published February, 1949, Proceedings. Position and title are those effect when the 
paper was received for publication. 


1 Research Fellow, Army Map Service, Dept. of the Army, Washington, D. C. 


2** Analytical Computations in Aerial by Earl Church, Photogrammetric Engineering, 
October, November, December, 1941, p. 212. 


Photogrammetry,” Am. Soe. Photogrammetry, Pitman Pub. Corp., New York, Y., 


Geometry the Aerial Earl Church, Bulletin No. series aerial 
photogrammetry, Syracuse Univ., Syracuse, Y., June, 1945. 


Ed., Ralph Anderson, Edwards Bros., Inc., Ann Arbor, Mich., 4th 


Problems Photogrammetry,” Underwood, Transactions, ASCE, Vol. 
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(6) Involves only simple computations and produces exceptionally accurate 
results; and 

(7) basic theory the writer’s plan project his investigations 
aerial photogrammetry into geodetic triangulation. 


Fig. indicates the position the emergent nodal point the lens 
the aerial camera, and the length equal the focal length the 


Horizontal 


y-axts 


Fie. 1.—Piate Pygamip Fre. 2.—VerticaL RELATIONS 


camera lens. Point referred the exposure station, and used the 
origin for the coordinate system. The coordinate axes, and are the lines 
through parallel the geometric axes the photograph, and the z-axis 
coincides with the lens axis. 


the plane coordinates the images and measured the photo- 
graph, are the space coordinates the three images 


Bea 
piane 
Ib 
| 
Y-axis 
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SPACE 


and 
these rays are regarded vectors, 
and 
Le = Pe, + + fk (2c) 


which and are unit vectors referred the corresponding axes space. 
accordance with the fundamental principles vector analysis scalar products, 


and 
which the angles are the face angles the plate pyramid Therefore, 


cos (4a) 

and 


Now the lengths ab, be, and ca, Fig. are designated 
respectively, 


and 


Then, angle cab (Fig. angle abe and angle vector 
operations identical those leading Eqs. give 


cos T, = 


las lea 


and 
ca “be 
Similarly, 


Ta Tb 


cos boc 
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and 
and 
and 


lea 


Eqs. and and represent the absolute lengths oa, ob, and oc, 
respectively. 


THE GROUND PYRAMID 


The rays from the exposure station the ground points and are 
designated pa, and pc; and the inclined, natural ground, distances AB, 
BC, and CA, and respectively. Then, the law cosines, 


and 


three approximate values and (pc) are substituted for pa, 
and pc, given 


and 


which and are horizontal distances AB, BC, and CA, 


6 
4 
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respectively, then 


and 


Let 


Omitting the second power terms Eqs. 12, 


and 


and 


WAB. (13a) 


solution these three linear equations (Eqs. 13) yields Apa, and 
Then the second approximate values pa, and will Apa, 
and (pc) Apc, respectively. Repeated substitutions these 
values Eqs. give accurate values pa, and pc. 


Section DETERMINATION THE STATION ALTITUDE 


Fig. shows plane passed through perpendicular any side, say, AC, 
the ground triangle ABC, cutting the point cutting the side 
point and cutting the side point This also perpendicu- 
lar the plane ABC containing the three ground control points. the law 
sines, 


(14a) 
(144) 
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and 
Lea 
which the symbol refers the face angles the base the ground pyra- 


mid L-ABC (Fig. 3). can each transposed express value 


sin A’. 

Since the angles are all measured the photograph and computed 
shown Section and since the inclined ground distances Lac, and 
are already known from the ground surveying, and pa, and have been 
found the formulas the preceding paragraph, the angles ---, 
can computed. Also the angles CAB ABC and BCA 
the plane the triangle ABC can computed the three inclined ground 
distances Lac, and Lea the following formulas, the coordinates 
the three ground points are known: 


and 


Lea Lac 


point; and the elevation ground point. reference Fig. 


With pp, and the length all determined, the area the triangle 
LPR (Fig. can computed from the three sides. The usual formula 
plane geometry 


which 


Let line (Fig. drawn from perpendicular PR, and let 


Age 
(18) 


as & 
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which the perpendicular distance from the exposure station the plane 
ABC containing the three ground control points. (It not the elevation 
the exposure station since the plane ABC not sea level, and since 
not vertical line.) 

addition the use Eq. 18, also can obtained follows: Let 
the volume the ground pyramid L-ABC, then’ 


which 


Also, 


6V = Pe Las Lac sin TA = PG Las Lc sin TB = pG Lec Lac sin TC.. (20) 
Therefore, 


Las Lac sin TA Lap Lge sin TB Lee Lac sin TC 


Lec’ Lea’ 
Pe = Pc 64/sin po (226) 
and 
Next, 


—all which can computed. 

The elevation point (Fig. can found extrapolation between 
and the given elevations points and since both 
and are now known. The elevation point can found extrapola- 
tion between the given elevations points and sihce both 
and are now known. These calculated elevations points and are 
called and respectively. Finally the elevation the point (Fig. 


the Absolute Differential McConnell, Blackie and Son, Ltd. 
London, 1931, pp. 48-50. 
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can found interpolation between and since the distances and 
are now both known. 
The area the triangle ABC the inclined plane the three control 


points 


which and are the inclined distances, and which 
Also the area the horizontal projection the triangle ABC 


which and L’ca are the horizontal distances, and where 


Then, represents the angle inclination the plane ABC hori- 
zontal plane, 


This value cos can found follows: the coordinates the three 
ground control points are known and 
respectively, the equation plane which passes through the three ground 
control points 


Eq. can written the form: 


since, then, differential geometry, 


The altitude (Z) the exposure station then given 


DETERMINATION THE TILT THE PHOTOGRAPH 


this section space coordinate system used with the origin the 
exposure station plumb line through designated the Z-axis; 
horizontal line through parallel the tilt axis the photograph, the 
axis; and horizontal line through perpendicular this line, the Y-axis— 
the last line being situated the principal plane the photograph (see Fig. 4). 


Pay 
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Since the value (the elevation the exposure station) and values 
PA, PB, have already been computed, and since the altitudes 
Ha, and the three ground points are given, the following relations— 


and 


—can used compute and which are the z-coordinates the images 
and the tilted photograph, referred the coordinate system defined 
Fig. 

The lengths and the sides ab, be, and ca, respectively, the 
image triangle are known from the image coordinates measured the photo- 


graph. The area this image triangle the plane the photograph can 
found from 


which 
The horizontal projection the sides ab, be, and can 
found from 
and 
Then the area the horizontal projection the image triangle space 
given 
which 


Then the tilt the photograph given 


Since the exposure station taken the origin, its coordinates the 
plumb-line coordinate system explained the preceding section are 0,0,0; 
and the ground points and will have coordinates Ha); 
the elevations these points. The horizontal coordinates are deter- 


a’ 
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mined. analytical geometry, 


Also, when pa, and are regarded vectors, 


The scalar products pairs these vectors are follows: 
and 
which, solved for the face angles yield 


and 


Since known, Eqs. and suffice for the determination the six 
coordinates X4, and Ye. 

Since and and are known Section the following equations 
will give ANd 


fsect 
fsect 
(41b) 
and 


pl: 

a. 
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and 


The signs and are selected according the positions the 
images and with respect the intersection lines the XZ-plane and 
the with the plane the photograph. These intersection lines can 
drawn follows: 

the lengths and the axis tilt (intersection line the XZ- 
plane) can determined, thus: 


Ze 2 = 

and 

which 


line drawn through and perpendicular the axis tilt the inter- 
section line YZ-plane and its direction taken from positive. The 
direction the axis tilt taken according the right-hand rule from the 
z-axis the y-axis. 

Since and and their signs are known, then 


and 


can calculated. Substituting these values from Eq. 44a Eq. 44c into 
Eqs. and 40, the latter equations should satisfied. However, 
because the inaccuracy cos and the inaccuracy computing large values 
from small values, the residuals from the substitutions are unavoidable. The 
accurate values and will obtained, follows: 


and 


Ay 
x 
18 
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and 


and 

Let the second power terms and omitted and 


Then Eqs. become 


tively. Usually the second approximate values are accurate enough; not, 
the same procedure can repeated until the designer satisfied. 

After X4, Ya, Xc, Yc, and have been found, the accurate co- 


ordinates the corresponding images can computed directly the following 
relations: 


Te Yo _ Za > Pa 
x A Yu Ha (50a) 
Zo Yo 2 Po 


and 
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and 
From Fig. 
and 
From any two 51, 
and 
Hence, 
c) *p 
Axis Tilt 
a 
C- 
Theoretically the three values tan Eq. should identical. Ac- 
tually, exact checks are seldom obtained, especially when the tilts approach 
zero, because the differences between pairs z-values are small that the 
tangents become very sensitive small errors therein. However, the average 


the three values tilt will very accurate. 
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Since known— 


—gives the distance from the principal point nadir point the principal 
line (see Fig. 5). Now suppose the vectors the rays from the exposure sta- 
tion the three image points and the principal point are follows: 
(55a) 
and 


which and represent the unknown coordinates the principal point re- 
ferred the current plumb-line coordinate system. Taking scalar products, 


and 


CoorpDINaTES 
Pointe 
(see Fig. 


Col. as, cs, and are the original symbols for the three particular images, made Earl 


Eqs. are solved for and 


and 


desirable utilize the photographic axes locate the nadir point, 
the following procedure can adopted. Let the coordinates the nadir point 
the unknown quantities z,,, and and let the known quantity 


Grounp 
z v x Y Zz 
(1) (2) (3) (4) (6) (7) (8) (9) (10) 
176.383 
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referred the photographic coordinate system; thus (compare Eqs. 55), 


Taking scalar products (compare Eqs. 56). 
5d) and 


which the angle between and the Z-axis. 


6a) 
6b) 


(13) (14) 


Assoc. ASCE. this paper, these three points are regarded and respectively. 


and 


and the distance (Fig. 5), and consequently the tangent the angle 
tilt, can computed. 
Numerical demonstrate the theory recommended herein 
proposed test against standard problem that has been solved elsewhere.* 
The focal distance given 150 and the ordinates and other physical 
data are presented Table With these data, Eqs. can solved and the 


Photogrammetry,” Am. Soc. Photogrammetry, Pitman Pub. Corp., New York, 


Point 
(1) 
176 
167 ara 
dic 
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results entered Table shown; and Eqs. then yield values cos 


first approximation, Eqs. are solved yield: 22,084; 
21,497; and p’c 21,816. Substituting these approximate values 
Eqs. successive approximation yields: 


Distance 


p 

497,513,025 


These values, with the aid Table then permit the solution 14, 
follows: 


Sine Cosine 


0.000 —3,261.404 +22,500.000 +19,238.596 
0.000 —6,065.657 +22,500.000 +16,434.343 
—3,212.902 +3,533.841 +22,500.000 +22,820.939 


Function 


cos 0.650 6956 0.560 3731 
cos? 0.423 4048 0.314 0180 
sin? 0.685 9820 
sin 0.759 339 0.828 240 


8,896. tabular solution Eq. 15a demonstrated Table which 
reveals that costs and therefore tan 3.639 368. 


= 
th: 
0.739 5039 
0.546 8690 
0.453 1310 
0.673 150 
1 15,000 20,000 25,000 5,000 1,800 1,800 aese 
2 5,000 5,000 10,000 10,000 1,000 900 ieee : 
3 +10,000 +15,000 +15,000 —5,000 +800 +900 news 
+ 150,000,000 — 75,000,000 + 720,000 


084; 
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19,050. Other quantities needed the solution are 


900 


(d) AHp (b) 8,896 398 


The equation plane that passes through the three ground control points 


Eq. 30, 
Line Symbol Side Side Side 


Therefore, cos 0.997 9222; and 19,010. Eq. then yields 
19,010 1,188 20,198 ft. 

Determination the Tilt and the Intersection Lines the ZX-Plane and the 
ZY-Plane with the Photograph.—From data compiled Table values 


| 
i 
296) 
ich 
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Eqs. (and corresponding values are determined follows: 


Horizontal projection i 
Symbol (symbols primed) Inclined plane f 
= 2.0423 2>—te= 2.704 te—20=0.661 
0.017 0.017 31779 
(photo (ground 
pe 


22,305 


0.865 1872 


(see Figs. and 5), 

1.357 


Ze — = l, 1.347 ly 
& 


Ze — 


Eqs. each contain the for determining the values 


d 
= 


78.69 
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80.077; and 259.192. Values tan computed Eq. 53, are given 

the last line Table The average the three values 0.017 40302, 
from which value 59.8’ computed. Computations for the deter- 
mination the nadir point with respect the photograph coordinate system 
(see Fig. are listed Table From these data, two equations can set 
for simultaneous solution (by Eqs. 59): 


and 


0.006 15385; and 179° 39.0’. 


two aerial photographs, taken successively, the first can analyzed 
the procedure demonstrated Section The second photograph, containing 
different exposure station (point Fig. 6), can also analyzed that pro- 
cedure contains images three control points that appear the first 
photograph. other words, the elevation the second exposure station 
(point Fig. can determined, well the space coordinates 


148.6679 


referred the second plumb-line coordinate system. 

Air Base.—In Fig. 6(a), the images points and are visible two 
photographs taken sequence. possible compute the space ordinates 
the second exposure station, with respect the first plumb-line 
coordinate system, utilizing the scalar products the second set vectors 
and p’c). Thus (compare 38): 


and 


- j 
try 
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The scalar products pairs these vectors are 

and 


(a) Air Base (b) Space intersection 
. Fis. 6 


Therefore, 

and 


Ya Zi Ha 1 cos B'ca 1 cos B’as 


which the volume the second ground pyramid; and Ha, and 
are the elevations the ground points and respectively. Eq. 
linear equation with two unknowns and Since Xa, Ya, Ha, 
are known quantities, any one Eqs. and Eq. can solved theoretically 
for and the solution these second, degree equations, the signs 


Bis 
VA, Bea \ f 
ip’ 


4a) 


4b) 
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and can determined accordance with the position the image 
the second exposure station the first photograph. Then 


The horizontal length (B) equal and the direction cosines 
0 Mz B My B ’ Mz B 


Space there any new point (D, Fig. common the 
two photographs, the coordinates its image the first photograph with 
respect the first plumb-line coordinate system will designated 
and those its image the second photograph with respect the second 
plumb-line coordinate system, The coordinates 
and the images the three ground control points and the 
first photograph, with respect the first plumb-line coordinate system, are 
known. Likewise, the coordinates and the 
second photograph, with respect the second plumb-line coordinate system, 
scalar products the vector for the first set, 


and, for the second set, 


Eqs. and 69, and are the apex angles between and pa, and 
respectively; and the apex angles between and p’s, and 
respectively. Solving for ya, and Eqs. yields the coordinates the 
image point the first photograph and solving for and from 
Eqs. yields the coordinates the image point the second photo- 
graph. Again, taking scalar products the rays from the first exposure sta- 
tion the ground points, 


and 


and, from the second exposure station the ground points, 


| 
| 
| 


256 SPACE RESECTION 


and 


plane trigonometry, from the first set the relations, shown 
Fig. 


and 


and, from the second set, 


After eliminating AD, BD, and from and 73, 


and 

Eliminating p*p and (p’p)* from Eqs. 74, 


and 


Let 
Also, let 
and 
Then 
and 
Q@2pp — be + Ww, = te (78b) 


The solution Eqs. yields the values and p’p, after which the elevation 
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points will given either the two equations (compare Eqs. 31): 


and 


Substituting the values pp, and from Eqs. back into Eqs. 
and 71, the solution any two Eqs. gives the coordinates point with 
respect the first plumb-line coordinate system; and the solution any two 
Eqs. gives the coordinates point with respect the second plumb- 
line coordinate system. The determination the same point with respect 
two different coordinate systems equivalent determination the angular 
relationship between the two systems, since their origins are known, one being 
referred the other. the standard formulas translation and rotation 
axes, 

and 


which are the coordinates the origin the second system the first 
system; and are the coordinates specific point under considera- 
tion with reference the two systems, respectively; and the angle be- 
tween the corresponding axes the two systems. Since and 
are known, the values cos and sin can obtained from Eqs. 80, which 
tively, Eqs. 71. 

The procedures explained this section can applied any other points 
that have common images the two successive photographs. 

Again, there new point common the two successive photographs, 
and this new point has its image coordinates the first photograph, 
with respect the first plumb-line coordinate system, the direction cosines 
the line from the first exposure station the ground point will then 


(81a) 
cos 
and 
which 
Lid = pa = + Y pa + Se (82) 


All the coordinates the ground points and and the second exposure 
station with respect the first photograph plumb-line coordinate system are 


2c) 
3b) 
. 
4c) 
7b) 
8a) 
8b) 
ion 
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spectively. Consequently, the formulas— 


—give the coordinates images a’, b’, and the second photograph with 
respect plumb-line coordinate system which the second exposure 
station taken the origin. Eqs. 83, not the elevation the second 
exposure station, usually designated the preceding sections. really 
equal the sense the absolute flight heights. The three rec- 
tangular axes are parallel the axes the first plumb-line coordinate system. 


(84a) 


and 


Taking scalar products the vectors 84, 


and 


which and the corresponding apex angles with respect the 
second photograph, are the known quantities. The coordinates image 
the second photograph are computed these three equations for 
and Accordingly, the following equations give the direction cosines 


line Fig. line drawn from the second exposure station the ground 
point 


and 


2 
p 


analytical geometry, 


and 
(84d) 
1 
cos 
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and 


Eqs. give the coordinates point with respect the first plumb-line 
coordinate system. Since all the coordinates discussed are the same co- 
ordinate system and are then known, simple matter calculate the 
geodetic position one point with respect the other. 


The comparison the results obtained this paper with the results ob- 
tained Earl Church, Assoc. ASCE, from his space-geometry 
lends confidence conviction that the procedure adopted this paper 
demonstrated Section absolutely correct. For example, 


Method feet Tilt Swing 
20,201 59.7’ 180° 29.0’ 
59.8’ 
20,198 179° 39.0’ 
02.5’ 


only the altitude the exposure station and the tilt photograph are 
found, the following simplified procedure recommended: 


(1) Measure the image coordinates with respect the photographic axes; 

(2) From the coordinates the images find pa, and pe, and lea, 
and cos and cos Bea; 

(3) the successive approximation method find pa, and pc; 

(4) From pa, pc, and cos (or cos cos calculate the altitude 
the exposure station; 

(5) Using the altitude the exposure station compute cos cos Vs, and 
cos and then find and from Eqs. 60; and 


(6) Compute from which tan computed Eq. 54. 


This procedure involves only simple computations and affords very accurate 
results. 

Acknowledgments.—Several methods solving the problem outlined this 
paper have appeared the technical literature, some which have already 
been cited herein; as, for example, the “space-geometry and the 
“direction cosine devised Professor Church. Solutions have also 
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inspiration and instruction while this paper was the course preparation, 
and especially for supplying the data used Section 
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Paper No. 2399 


PROPERTY SURVEYS MUST FIT THEIR TITLES 
WILLIAM 


The basic purpose this paper emphasize the fact that land surveying 
specialized profession. The relation between land title and property 
survey discussed, thus leading into statement steps preceding field 
survey, brief description office and field relocation methods, the legal status 
and value physical monuments, and the tracing land titles from record. 


Property boundary location art and profession distinct and different 
from civil engineering dentistry distinct from medicine. The mere fact 
that the mechanics surveying, the use transit, tape, and computing 
tables, common both criterion identity. The fact that person 
versed the tactics surveying taught school college does not 
warrant the assumption that land surveyor any more than that 
civil engineer. 

Many people hold the idea that the surveying art mechanical adjunct 
engineering procedure, rather than informative determinative function. 
This particularly true the case property surveys. Often owner will 
endeavor ascertain certain desired relations between title and possession 
all the available methods other than survey, even though such survey the 
cheapest, quickest, and, frequently, the only method solution. 

That surveying, notably measurements land, specialized occupa- 
tion evidenced historically early records Egypt, Rome, and elsewhere. 
The surveys the land holdings along the Nile and the special courses 
education for surveys Rome are cases point. land location project 
modern times originated completed without accurate boundary survey. 

self-evident that the value property survey correlated with, and 
dependent on, the ownership title the land under consideration. 

Land ownership presupposes valid claim proprietor the physical 
possession, actual potential, the area question. The claim further 


February, 1949, Proceedings. Positions and titles given are those effect 
when the paper or discussion was received for publication. 


1 Glendale, Calif.; formerly Chf. Engr., Title Ins. and Trust Co., Los Angeles, Calif. 
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supported written record, describing the boundaries the land such 
manner that they may recognized and, necessary, relocated their 
original position. Specifically then, the physical location and the record 
scription must conformable and consistent provide correct title the 
boundary. The accomplishment this function the province the land 
surveyors. 

The correct definition boundaries parcel land includes: 


Examination title ownership record; 

Claimant ownership the ground area occupation other evidence; 
Monumentation, both physical and recorded; 

Deeds, maps, descriptions, and other documentary evidence; 

Adjoiner agreement conflict; 

Surveys the instant and associated lands; 

Abstracts title title insurance policies; and 

Any other matters connected with the property question. 


accurate survey such land can made without considering and 
weighing all the foregoing items. addition, the surveyor must perform his 
work, both field and office, mechanical and mathematical standards com- 
mensurate with the best practice. chain stronger than its weakest 
link, land location survey better than the error caused omission 
neglect any the factors entering into the determination. 

The written record land holding fixed and permanent; the physical 
location and monumentation are subject change destruction from many 
causes. most cases, therefore, becomes the duty the surveyor re- 
establish the record nearly possible, and indicate its variance with the 
existing occupation. The legal questions ownership preference between 
positions record, physical claim, must decided the courts; the 
surveyor’s province point out the differences. 

The location parcel having arbitrarily determined boundaries com- 
paratively simple, requiring only accurate dimensional treatment and 
correctly established and proved tie point referenced record. Whether the 
field work precedes succeeds the description for record, the creating one 
from the other readily accomplished; and with reasonable care, the ground 
work will agree with the description. Slight variations discovered relocation 
are nominally assignable ordinary natural causes such earth movement 
various kinds the common personal errors observation and measure- 
ment the surveyor. The acceptance and use monuments such case 
will generally fix them paramount the dimensional position record; 
may presumed that new description, with new dimensions, but reciting 
the monuments, will constitute perpetuation the original record, modified 
represent the present facts. 

Relocation surveys, those establish boundaries recorded 
existing parcels require the best skill, analytical faculty, and judgment the 
land surveyor. may take nothing for granted, but must verify every 
monument, mathematical computation, measurement, description, and legal 
interpretation. The final decision must based sound judgment his 
analysis and close adherence the theory majority probability. Inasmuch 
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the surveyor has judicial authority, must his work and submit his 
findings the manner best calculated maintain and support his opinion 
the location question. 

The first step relocation gather all information relating the land 
surveyed—the deed description, title policy, description, tract sub- 
division maps the property and vicinity, descriptions and maps adjoining 
properties, street center-line survey notes, and location and ties existing 
monuments the area such ties are available. 

The data thus assembled are platted, the existing dimensions computed 
for agreement and closure, adjoiner boundaries related the instant property, 
and preliminary paper location determined. 

The plat prepared taken into the field; for reference, connected 
survey made, the surveyor discovering and tying all monuments and other 
topographic features into single net. Back the office, the field work and 
the record are correlated, monuments and descriptions are interpreted 
mutual relationship, and new plat prepared for the final showing the 
survey. 

The second trip the field (assuming that all necessary and discoverable 
data have been previously obtained) will set the monuments the relocation; 
and these course will conform with the plat and will bear any authorized 
markings structure regulated law. 

The relocation corners sections, fractional parts sections, 
governed the method and procedure defined the Bureau Land 
Management (formerly, the General Land Office), Department the 
Very little deviation from the rules can permitted; yet close 
study the manual necessary arrive the precise variant applicable 
the case hand. 

Argument that monuments govern regardless description record 
pertinent only the original survey precedent the record. the owner- 
ship established, many cases, description drawn from plat, 
compilation from record sources, then the monuments must assumed 
confirmatory rather than determinative and subject valid replacement 
conformity with interpretation the documentary positioning. the con- 
trary view held, can maintained only support legal decrees, 
through modification agreement adjoiners properly recorded. 

Monuments discovered survey cannot accepted themselves, 
definitive the corners they purport occupy. required every 
instance identify them conformal record dimensional relation with some 
other physical object, prove reasonably (1) that they are the position 
the original corners; (2) that the event they are found replacements 
originals, they have not been deliberately accidentally misplaced; and (3) 
that all persons concerned with their establishment and use, consent, actually 
impliedly, the accuracy position. 

Maps groups parcels lots, when recited part the description, 
must considered whole the location any part. reference 


Surveying Instructions Survey the Public Lands the United States,” 
Govt. Printing Office, Washington, D.C., 
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record document incorporates therein all the information and substance 
such record applicable the interpretation the terms such document. 
Consequently, the location the corners lot block must propor- 
tionately related the corners all other lots the block. The surveyor 
must establish the block corners correctly, either from accepted street center 
lines, monuments shown the map existing physically, from other 
sources. Having fixed the exteriors, sets his lot corners the prorate 
method measurement. Such method not rigid, however, because other 
control factors, for example, verifiable original lot corner positions, may force 
the abandonment the prorate measurement. where the evidence, 
theory, and judgment the surveyor must weighed and properly concluded. 

Regardless the fact that the basis land ownership the possession, 
visibly, structural objects boundary monuments the land itself, great 
percentage present day holding and transfer property maintained 
through the record only; and the ground location not identified monumen- 
tation until the owner wishes avail himself its actual use. follows then 
that, most cases, the surveyor must predicate his work first the record, 
and, second, the possession. 

Whenever the surveyor called upon locate title record, disregard- 
ing possessory claim, his procedure governed almost entirely the proper 
interpretation the terms the deed description. Except for specific physical 
identification the tie and reference calls the deed, the field examination 
reduces mere correlation available information for purposes analysis. 
cases this kind, the correct placement boundary from the record 
superior any occupational claim. 

far the surveyor concerned, title the relation between the record 
claim the proprietor and the actual ground position such claim. his 
business make that relation exact and correct. If, due error the record 
holding, such conditions cannot met under certain circumstances, must 
inform his client the facts, and withhold final location until proper adjust- 
ment made, either agreement court action. 

The questions finance, relative value property survey, ethical 
distinctions, mechanical processes involved, are not considered 
this paper. They have bearing the premise conclusion that 
survey location land areas complete unless corresponds and coordinates 
with the record title proper modification that title. 


SUMMARY 


broad view the field property boundary surveys and analysis 
the factors governing correct location such boundaries indicate the following 
conditions necessary successful operation: 


(1) Skilled, experienced, and able professional men, trained field, office, 
and title practices; 

(2) Proper equipment for all necessary work; 

(3) Complete information and data record, together with any other 
available documentary material affecting the project issue; 
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(4) Sufficient preliminary field work supply corroborative physical in- 
formation connection with the project; 

(5) Compilation, and sound, intelligent analysis the title and legal re- 
quirements necessary fix proper ground location title boundaries, 
provide basis adjustment through the medium record agreement 
court action; and 

(6) Physical monumentation boundaries when finally determined, to- 
gether with recordation any necessary maps and documents which will 
correctly delineate and describe such final boundaries—the physical location 
and the record title are thereby brought into agreement. 
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DISCUSSION 


Jun. ASCE.—The stimulating remarks this paper are 
welcomed for their profitable exposition the several features useful those 
engaged property surveys. regretted that the paper was kept 
brief permit only generalizations with regard some the problems 
descriptions which are not true under all circumstances. 

The primary purpose property surveys insure that the owner 
piece land, and the entire world, know the exact location and extent his 
property, chiefly embodied deeds. When disputes over descriptions arise, 
they cannot settled qualified land surveyors, they are resolved 
courts law. Since the law the final arbitrator these instances, its rules, 
whether not based logic and reason, must temper the thinking surveyors. 

The author states that the ownership established (as many cases) 
description drawn from plat, compilation from record sources, the 
monuments must assumed confirmatory and subject replacement. 
This categorical statement can both misleading and incorrect. the de- 
scription, embodied the deed, refers monuments not existence 
that time, but which will erected later period, such monuments, once 
erected, will bind the parties should there any discrepancy between the deed 
description and the actual monument locations (Lerned versus Morrell, N.H. 
197; Emery versus Fowler, Me. 99). 

Naturally, where there are references any monuments the property 
description the deed, assumed that the taker under the deed did not 
intend bound any incorrectly located monuments that may have 
existed (Murdock versus Chapman, Gray (Mass) 156; White versus Loring, 
U.S. 514). The courts have uniformly upheld this latter contention, and 
the author’s statement correct under those circumstances. 

Again, the author states that, regardless description record, monuments 
govern only the original survey precedent the record. This statement 
must also considered true only for certain factual situations. If, their 
deed description, the parties not any way refer monuments then 
existence (or later erected) and if, subsequent the date record, they 
either establish monuments run line, holding that line and occupying the 
land defined it, for long time, then the line monument thus erected will 
bind the parties where the deed description ambiguous (Baldwin versus 
Brown, N.Y. 359; Breaker versus Woolsey, 149 Mich. 86). the other 
hand, where the deed description certain and unambiguous, the author 
indicates, any line monument subsequently established not binding the 
parties versus Swan, 169 Mass. 582; Hall versus Eaton, 139 Mass. 217), 
except adverse possession (under common law, this would open and 
notorious possession for more than years) (Burr versus Smith, 152 Ind. 469; 
Roberts versus Birks, 223 291). 

the last analysis, the true intent the parties that will govern any 
particular case. Thus, where, through some misfortune, the survey descrip- 


* Estimator, Psaty & Fuhrman. Inc., Contractors and Engrs., New York, N. Y. 
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tion made for deed variance with the actual locations physical features 
monuments, the court will weigh all the facts and circumstances en- 
deavor decide the case manner that will best express the probable intent 
the parties who used the property survey (White versus Loring, 
514, 524).4 

The author congratulated for bringing the attention the 
profession the need for thoughtful and accurate property surveys. 


ciple property surveying presented Mr. Wattles. The paper particu- 
larly welcome and important the practicing surveying profession that 
stresses the true essence property surveying—title and law, research and 
logic—and relegates proper position secondary importance the mechanics 
the profession, the operation equipment, and techniques. After many 
centuries, the profession property surveying having renaissance spirit. 
Recent years have seen, the professional literature the United States, more 
professional cooperation among property surveyors, and more original thought 
applied the problems the profession, than has any prior period. 

The task the property surveyor has been defined the engineering 
interpretation, definition, and representation legal documents land owner- 
ship, task which the tools the engineer, his mathematical knowledge, and 
his capacity for analytical and logical thinking are applied the problem 
reducing tangible and explicit form the legal records land titles. 

The failure the part the lay public appreciate the true function and 
importance the property surveyor has long concerned the profession. Far 
greater damage the profession, however, results from the failure the 
engineering profession itself appreciate the true nature the responsibilities 
the property surveyor. The causes those failures are many. large 
measure, years apathy within the profession itself form one cause. Another 
the almost total lack property surveying instruction engineering colleges. 
the present problem the profession educate its own members their 
responsibilities and importance, and then the engineering profession and the 
lay public. 

Mr. Wattles’ main point, the primary importance the legal title, 
recognized, course, basic all accepted current thought the sub- 
ject. The “Technical Standards for Property compiled and 


adopted the American Congress Surveying and Mapping 1946, begins 
with the statement: 


“Each parcel land whose boundaries are surveyed licensed sur- 
veyor, should made conformable with the record title boundaries 


such land.” 
Nevertheless, this statement still comes shock many engineers and some 
property surveyors, whom the old rule, “occupation controls,” has almost 
Biblical significance. There are many reasons for the development the 
“occupation controls” rule. Very important among these reasons the fact 


«**A Treatise on = — of Property,” by William F. Walsh, Baker, Voorhis and Co., New York, 
N. Y., 2d Ed., 1937, p. 


Cleveland, 
D. on aoe Standards for Property Surveys," Am. Cong. on Surveying and Mapping, Washington, 
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that, since the beginning the twentieth century, much the responsibility 
land description has been left nontechnical These men are 
responsible for the prevalence such forms descriptions as: 


“My house and the land upon which stands.” 


“Bounded the west the State Road; the north the land now 

formerly owned claimed Mary McNamara; the east land now 

formerly owned Agnes Beebe; and the south the land The 
Harbor Building Company.” 


Since such descriptions are entirely lacking specific definition, the surveyor’s 
only recourse the use occupation. 

additional factor the development the controls” rule 
the fact that the occupation survey often the easiest solution, and 
welcomed the poorly qualified surveyor, whom the law and titles are likely 
something unknown and mysterious. also often the solution pre- 
ferred the client, whether proper not, since conforms his own as- 
sumptions his ownership. 

The erroneous idea that adverse possession over the statutory period auto- 
matically grants title also adds the misconception. Modern title practice, 
dealing does with the recorded document, rather than the property itself, 
must necessity pin its responsibility the written deed. result, the 
interpretation the deed the surveyor becomes increasingly meticulous 
process, which the title becomes the framework which the surveyor hangs 
his findings occupation, possession, adjoiners, Modern high land values, 
relatively small parcels land, and extensive improvements land, particu- 
larly urban areas, tend make the deed and the precise wording the 
description greater significance than the past. inevitable that, 
growing community, the title recorded must recognized the controlling 
factor land ownership. 

The property survey, then, becomes exposition all pertinent facts 
relative the record title (those agreement well those not) rather 
than determination ownership. The surveyor becomes fact finder, rather 
than judge ownership. His recommendations and opinions, nevertheless, 
have extrajudicial value direct ratio his reputation for thoroughness, 
knowledge, and judgment. 

Mr. Wattles commended particularly clear statement too 
little recognized fact. hoped that his paper will widely read and 
digested both practitioners property surveying and those civil en- 
gineers who, the past, have not always viewed the practice property 
surveying with sufficient seriousness. 


specialized profession. That point frequently overlooked men other 
branches engineering who regard surveying merely the field work necessary 
locate structures and provide information from which cost estimates may 
prepared. The paper covers this point adequately, and also lists factors 
which the engineer must consider relocating property conform its legal 
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and record title. special considerations, however, that must taken 
into account when applying these factors survey problems given state. 

For example, there are United States public land surveys 
The patents record titles most Texas lands are based original field 
notes surveyors from several nations; surveys were made piecemeal and 
some instances without enough data adjoining conflicting surveys. 

Much has been published concerning the special conditions affecting the 
position Texas the current Tidelands controversy due the state’s 
retention its public lands. Texas surveyors know that this same retention 
created problems which are not generally faced members their profession 
practicing other states. Most persons are vaguely aware that Texas was 
independent nation for years, but they not realize that colonization 
race least three other nations brought the war that made Texas free 
republic. Also, because boundary disputes, this colonization did not cease 
with the independence Texas 1836, but was actually accelerated certain 
sections, notably the vast south Texas region between the Nueces River and 
the Rio Grande. 

Texas was originally claimed the United States part the Louisiana 
Purchase, but this claim was dropped 1821. was also claimed Spain 
part Mexico and was still considered such Mexico after that 
nation won its independence from Spain. Mexico opened the territory 
Texas foreign colonization the period from 1821 1835 after the bound- 
aries had been closed for more than 200 years. 

American colonists moved into east Texas from Louisiana and Arkansas 
and pushed southward until they came into contact with the Mexican colonists 
moving northward from the Rio Grande. Disputes arising from this meeting 
precipitated war which the Texans were forced fight Mexico without 
organized aid from the United States government. The Texans, therefore, 
considered that their fight was for independence from Mexico, and having won 
it, they established the Republic Texas. Mexico was forced recognize this 
nation but considered the Nueces River the proper international bound- 
ary, whereas the Texans claimed their sovereignty extended the Rio Grande. 
During the years the Texas Republic, both Texas and Mexico colonized 
the disputed territory extensively. Prior 1836 had been populated 
few Mexicans holding large tracts land grants from the Spanish crown 
and the Mexican government. 

Texas was annexed the United States treaty 1845 which specified, 
among other things, that the new State Texas would retain title all 
public lands within the state. The United States thus became party the 
boundary dispute which precipitated the Mexican War 1846. This war 
ended with the Treaty Guadalupe Hidalgo 1848. The treaty established 
the Rio Grande the international boundary, but recognized the validity 
Spanish and Mexican land titles granted prior November 13, 1835. 
dentally, this treaty also included the cession the United States the terri- 
tory now occupied New Mexico, Arizona, Nevada, and California. The 
Texas Legislature passed the Confirmation Act 1852 which recognized 
Spanish and Mexican land titles granted prior November 13, 1835, but 
invalidated the titles lands given Mexico its citizens reward for 
military service. 
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Patents the valid grants were issued the State Texas based the 
original Spanish Mexican field notes which contained minimum descrip- 
tion, and which many cases were tied some the canceled grants. The 
recognized titles included several huge tracts, the largest which was the 
San Juan Carricitos grant Kenedy and Willacy counties, covering approxi- 
mately 650,000 acres. These grants were usually described the field notes 
merely the four corners with sometimes course and distance calls between. 
The field notes were Spanish and the distance calls, included, were 
cordeles, the cordel being varas approximately 139 ft. The cordel 
usually employed was fiber rope and the length was subject variation 
moisture. 

There were several ceremonies connected with the Mexican and Spanish 
procedure placing citizen possession his land, but the only factor 
surveying importance was the requirement many instances that the land- 
owner set permanent markers stone and mortar the survey corners. 
These had set within given time the landowner would forfeit all right 
the land. This feature probably accounts for the respect with which their 
corners were preserved the Mexican and Spanish colonists. these early 
surveys, great importance was paid natural objects which were used for 
corners wherever possible. These grants were almost universally excessive 
since acreage that time was small importance. 

The General Land Office the Republic Texas was established 1836, 
and one the first acts the first land commissioner was gather all the 
available title papers and records from the various colony headquarters and 
from the Mexican land offices. Many papers were never collected, but the 
documents obtained are now preserved the Spanish archives the Texas 
General Land Office. 

Colonists who had not received land titles from the Mexican government 
were given lands the Republic Texas depending the marital status 
the immigrant and the time his settlement Texas. Lands were given for 
military service and the heirs men who had died the Texas war for 
independence. 

the early days the republic, the General Land Office had accurate 
maps and the surveyors the various land districts were required furnish 
maps showing the valid surveys their territory. Today these maps seem 
least inaccurate, but when the low fees for surveys that time are con- 
sidered, along with the constant danger from marauding Indians and the 
distances involved, respect for the early surveyor increased. 

When Texas became state 1845, the public domain amounted about 
172,700,000 acres, which the United States government could have acquired 
the payment approximately $13,000,000 debts accumulated the 
Republic Texas. However, Congress allowed the Texans retain their 
land and pay their own debt—a very fortunate decision for the people Texas. 

stated, Texas used the land pay colonists and soldiers; after state- 
hood, other land was granted encourage colonization. acres 
were given away for the building railroads, state capitol building Austin, 
the University Texas Austin, and many other public improvements. 
The remainder was finaliy set aside for the Public Free School Fund. Several 
thousand acres unsold land still are retained this fund. 
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Many the land grants were made with the provision that the grantee 
would survey the land and submit the field notes the General Land Office, 
Most these surveys made south and west Texas were intentionally exces- 
sive, but the fact was not shown the record field notes which were plotted 
maps the General Land Office. Some the surveys were carefully 
made and permanent markers were established. other cases, reason- 
ably certain that the location field notes were written from the land office 
maps surveyor who was never the ground. Other surveyors who may 
have been the ground left trace their footsteps. 

the land was settled, was resurveyed many instances and these 
corners were well marked. Where the original survey could found, 
survey was called fit the same corners and natural objects regardless 
excess. Sometimes this excess was reported the land office the corrected 
field notes showing the true dimensions. 

Thus, situation created wherein citizen has more acreage his survey 
than was granted him the state, but his title the entire survey includ- 
ing excess clear long the original survey can traced. The courts 
have held that not what surveyor intended do, what actually 
did that will govern. case mineral lands other valuable property, 
generally true that the landowner purchases the excess acreage from the state 
order protect himself should the original corners ever lost. 

The other situation the so-called survey wherein the original 
surveyor was not the ground, wherein left trace his work. 
many cases this survey built from older survey, run the ground and well 
monumented with excessive dimensions. The office survey calls for adjoinder 
the older survey, but the very nature the calls often shows that the sur- 
veyor making them had knowledge the survey which was building 
his work. Most the surveys were resurveyed the ground with 
the same excess found the older survey which was called adjoin. 
This construction was not contested long the land had little value; but 
court decisions involving the title mineral lands have held that where 
surveyor’s work cannot found, must constructed according the called 
course and distance from the beginning corner. Even the adjoinder calls 
were not valid could reasonably proved that the surveyor making such 
calls did not know where the corners were that called adjoin. Under 
these circumstances, the customary excess cannot placed the system 
surveys. exists the ground occupied, must considered 
vacant unsurveyed land. 

act the Texas Legislature 1939, landowner may purchase from 
the state such vacant land found within his enclosure “good clai- 
the land more than miles from gas oil well, the 
State Texas retains one-sixteenth royalty interest. less than miles 
from such well, the interest retained one eighth the oil and gas produced. 
Other provisions the law dictate the procedure followed case the 
vacancy found and applied for so-called before 
application purchase filed the “good faith” claimant. These provisions 
make very advantageous for landowner find and purchase such unsur- 
veyed land before application filed outsider. Therefore, surveyor 
should very careful his work retracing old surveys, and cannot 
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definitely prove the position the title survey, should advise his client 
purchase the doubtful acreage unsurveyed land, rather than risk filing 
vacancy hunter. 

subdivided land Texas little different from similar work 
other states. However, land holdings south and west Texas are large 
that property survey usually represents the location blocks even 
several systems surveys. 

For this reason, surveyor cannot begin job any size without consider- 
able preliminary preparation. should first consult the General Land Office 
records, paying particular attention the following: (1) Patents the surveys 
question; (2) original field notes and all resurvey field notes the surveys 
located and surrounding surveys; (3) old district and county maps and 
surveyors’ sketches; (4) General Land Office correspondence files; and (5) deed 
record data from county records private files. 

should also consult the records the county surveyor; they sometimes 
reveal information not available the General Land Office. possible, 
photographs the area should obtained well good maps the United 
States Geological Survey the United States Coast and Geodetic Survey. 

Careful plotting the patent field notes chronological order will often 
reveal discrepancies before the ground work begun. These should plotted 
tracing paper cloth the same scale the aerial pictures such are 
available. superimposing the field notes the photographs good idea 
the original locations may obtained. 

the ground survey, often pays know something the characteristics 
the original surveyor. useless look for monuments some surveyors 
because has been found from past experience that either they were not 
the ground, (if they were) they left visible trace their work. Some 
surveyors had definite habits concerning their work; others were 
very accurate and careful. Most early surveyors attempted run true 
bearings, but some followed the magnetic course. The field notes usually show 
the variation magnetic declination used the survey which, for work 
south Texas and west Texas, usually was the variation San Antonio the 
time the survey. The extent the San Antonio Bexar Land District 
was large that this procedure resulted bearing errors much two 
degrees some parts west Texas. 

summarize, the surveyor should careful his report record only 
what found did not find the ground, and leave the decisions points 
fact and law the courts. 


commended for his orderly presentation the subject real property title 
surveys the engineering profession for discussion. The paper presents 
logical manner some the basic principles land title surveys, particularly 
instructions for the general guidance surveyors land for title purposes. 

The paper somewhat provocative, however, that does not cover the 
solution problems concerning real property surveys which not fit their 
titles. The contents the paper appear deal with property sur- 
veys fit their titles” but from its title one would expect find the reasons why, 

Birmingham, Ala. 
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and conclusive proof that, surveys must fit their titles.” Frequently 
the careful instructions the author have not been followed and there are 
many title descriptions that not adequately delineate the boundaries 
the land intended described. goes almest without saying that the 
property surveys “should” fit their titles, but what sanctions 
property surveys fit their titles? What the consequence failure con- 
form with the author’s instructions and what steps should one take remedy 
the problems arising from inaccurate property descriptions? Reference 
made supplementary complete answers these questions 
hardly could given short paper. 

regretted that the author has made several broad generalizations 
the interests brevity. Copious notes and citations would allow those 
persons who are interested delve into the source material for better under- 
standing the author’s intended meaning and for additional information 
the subject. For example, not probable that the correct definition the 
boundaries parcel land should broad include “any other 
matters connected with the property The author probably had 
reference easements, encroachments, adverse possession, and any other 
matters connected with affecting the legal title the description the 
boundaries, monuments, area the parcel land question, con- 
tiguous parcels. Although accurate survey, chance, may made 
without considering and weighing the items enumerated the author, 
one cannot assured accurate survey without considering and weighing 
these factors the extent necessary, including other matters connected 
with the property question” which may affect the accuracy the survey. 

The author refers the relations between title and possession—that the 
surveyor must predicate his work first the record and then possession, 
and that the survey may located title record disregarding the pos- 
sessory claim just the possession were always thing apart, distinct, and 
different from the title record. The record title may the evidence which 
delineates the property possessed. The color title record usually de- 
scribes the land that goes along with the house occupied the land used 
(Hicks versus Coleman, Calif. 122, Am. Dec. 103 (1864)). 

The extent which property surveys must fit their titles varies with the 
manner which the result such survey rendered and the purposes for 
which used. verbal written description the common method 
using the results property survey and the penalty for errors therein varies 
with the purposes for which such title description used and the parties 
involved. Property descriptions may used transfers conveyance, 
transfers will, mortgages, taxation, and for other purposes. The 
particular questions controversy may involve adverse possession, statute 
limitations, tax rolls, notice sale for defaulted taxes, notice third parties 
recording, other questions. The effects may vary depending upon the 
jurisdiction which the land located, upon local statutes, and upon the 


parties involved. For example, misdescription may not fatal showing 
“i Yip — on the Law of Surveying and Boundaries,” by F. E. Clark, Bobbs-Merrill Co., New York, 


Problems and Development Problems,” Ricketts, Pelican Pub. Co., New 
Orleans, La., 


The and Hie Legal Equipment,” Holt, Transactions, ASCE., Vol. 99, 1934, 
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valid taxation for years and thus title adverse possession (McCraw versus 
Lindsey, 209 Ala. 314, So. 898 (1923)), but misdescription the notice 
sale for taxes would fatal purported transfer title tax sale (Craig 
versus Swader, 225 Ala. 366, 143 So. 553 (1932)). description real prop- 
erty for valorem tax purposes reference lot and block numbers 
unrecorded plat would insufficient give the court jurisdiction rem 
tax foreclosure proceeding (Napier versus Runkel, Wash. 246, 114 
534, 187 ALR 175, 184 (1941)). 

The author very casual dealing with the most important problem 
the relative value the property the cost making the survey the 
simple statement that not considered this paper; yet, the surveyor “must 
perform commensurate with the best practice.” “accurate boundary 
survey” readily may exceed the value the property. One the first con- 
siderations any engineering survey should the limits accuracy and the 
permissible error closure, which may quite different the survey 
valuable city properties from those necessary property surveys inex- 
pensive land located rural areas. 

One method which the detailed work the engineering profession 
presented the public through land surveyors the form real property 
title descriptions. would seem that the profession should make stringent 
effort have such work impeccable order that the profession may build 
esteem with the public through property owners, real estate agents, in- 
surance agents, mortgage firms, taxing officials, courts, lawyers, and others 
who frequently come contact with these detailed engineering descriptions 
which are filed matter public record. Other detailed engineering work 
normally handled restricted group engineers, architects, contractors, 
officials and does not come into contact with the general public except the 
form completed project. The extent which boundary disputes and 
inaccurate title descriptions still exist indication that such problems should 
receive greater attention. The author’s paper should assist accomplishing 
this objective. 


and discussers this paper should 
realize that any rational enlargement the subject matter, beyond the basic 
principles and generalities given, would produce volume far beyond any 
reasonable scope. example this scope afforded the valuable work 
this subject, presented the late Skelton, ASCE, 

Each survey land boundaries establishing the location record title 
and relating the same physical conditions presents particular problem, 
different most its aspects from any other, except basic principles. 
These differences are responsible for many the variances legal decrees 
given superficially similar cases. 

Mr. Borg’s claim that certain statements the paper may misleading, 
quoting legal citations support his discussion, not proved. The paper, 
taken whole, indicates the uncertainties present any survey, and cautions 
against the flat acceptance any principle itself, but requires its analytical 
association with others. Item (‘‘Any other matters connected with the 
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property question’’) the list defining (determining) boundaries, includes 
examination any citations covering matters similar the problem hand, 

The question reliability superiority physical monuments over the 
description calls record matter investigation and analysis. the 
surveyor making location from record, general rule give secondary 
value physical monuments whatever kind, against the calls and non- 
physical legal monuments recited the the description calls 
for physical monuments, those existing the ground can sufficiently 
identified position with the record, then the monuments will have superiority. 
subsequent court decision, adverse this rule, should construed 
modification because other factors the case, and not failure the rule. 

Mr. Borg correct stating that the intent the parties will finally 
govern, but the court, not the surveyor, who may assume intent 
beyond that specifically expressed the record. 

Mr. Bauer’s discussion excellent and complete summary the neces- 
sary coordination between survey and title. Also, points out the methods 
attaining such coordination through education the surveyor and layman 
recognize facts opposed assumptions. 

Mr. Carroll complimented his discussion survey difficulties 
Texas; valuable addition survey information. His statement re- 
garding knowledge the practice previous surveyors very pertinent and 
applies elsewhere well Texas. Often such knowledge marks the dif- 
ference between correct and incorrect location. 

impossible answer fully Mr. Southerland’s implied questions within 
the scope this discussion, for approaches the realm original error 
record titles and the corrective procedure thereof; this not within the au- 
thority the surveyor nor the province the title location survey. 

perfectly true that many descriptions are not from their 
own statements recitals and that such descriptions, conveyance 
any kind, cannot pass perfect title; therefore, any survey under such condi- 
tions cannot fit title, but must considered the light fact-finding 
procedure for purposes adjustment legal methods. 

recognized that surveys are made for many purposes other than 
property boundary relocation. such cases the matter relative values and 
accuracies may enter. property survey accord with the title must 
particular and exact such title can determined; any departure, such 
assumption possession boundaries and agreed lines not confirmed record, 
converts the title location survey another form. 

The purpose the paper was present series principles property 
boundary location founded the record title the best and most consistent 
base operation. These principles must associated modified need 
be, any particular description case. the event inability 
establish correct technical position, because error insufficiency 
the record, the problem resolves into pure location for purposes adjust- 
ment legal methods. 

Matters cost, relative values land and survey expense, mechanical 
technique, allowable errors, and the like, have part the analysis property 
survey conformable with title. 

The writer wishes thank the discussers for their timely, pertinent, and 
friendly consideration the paper. 
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Paper No. 2400 


EFFECT DRIVING PILES INTO SOFT CLAY 


This paper describes the results field and laboratory tests made deter- 
mine the extent the disturbance produced driving piles into soft, glacial, 
lake clay deposit Detroit, Mich. The results indicate that the natural 
structure the clay was appreciably disturbed close the piles, but that the 
amount disturbance did not approach that complete remolding the 
laboratory. distance about two times the diameter the pile, the 
clay within pile group was disturbed only negligible amount. The process 
consolidation initiated the disturbance was not type that would 
cause settlement the ground surface. 


INTRODUCTION 


Publication the results unconfined and confined compression 
tests undisturbed and completely remolded samples plastic clays from the 
Laurentian Valley, Canada, and from the subsoil Boston, Mass., brought 
the attention engineers for the first time the great increase compressibility 
which some clays undergo when disturbed. consequence this discovery, 
was pointed out that driving piles into soft clay deposits might cause sufficient 
disturbance produce appreciable settlement the surface the deposits 
merely under the weight the soil itself, and that the presence the piles 
might prove detrimental rather than beneficial. the basis the informa- 


Norg.—Published in December, 1948, Proceedings. Positions and titles given are those in effect 
when the paper or discussion was received for publication. 

Director Research, Raymond Concrete Pile Co., New York, 

* Asst. Engr. of Soils, Michigan State Highway Testing Laboratory, Univ. of Michigan, and Asst. 
Prof. Civ. Eng., Univ. Michigan, Ann Arbor, Mich. 

Research Prof., Soil Mechanics, Univ. Urbana, 

Structure Clay and Its Importance Foundation Engineering,” Casagrande, Journal, 
Boston Soc. Civ. Engrs., April, 1932. 
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tion available that time, was suggested that the clay immediately sur- 
rounding the pile would completely remolded distance one half the 
diameter the pile, and that distance one and one-half diameters 
would sufficiently disturbed cause rather large increase its com- 
pressibility. the assumption that the presence the piles had influence 
the settlement the surrounding clay, other than produce the disturb- 
ance, was computed that the settlements certain buildings Boston might 
actually twice great they were founded friction piles than they 
were supported directly the clay. 

Although Casagrande, ASCE, cautioned that, order get con- 
clusive data concerning the remolding effect pile driving, would neces- 
sary conduct elaborate field investigations, the tentative conclusions which 
drew have been widely accepted. Some engineers even believe that pile 
driving soft clays always detrimental and should avoided. 


1944 opportunity presented itself obtain quantitative information 
concerning the remolding effect pile driving when the Detroit Industrial 
Expressway was under construction. the site the grade separation be- 
tween the expressway and the main line the Michigan Central Railroad, the 
soil for depth about the typical soft blue glacial lake clay deposit 
found throughout the River Rouge (Mich.) area. was decided establish 
the abutments and center pier the structure cast-in-place concrete piles 
driven through the soft clay bearing the hardpan. The diameter the 
piles increased from in. the point in. the butt, the footing layout 
calling for piles approximately 4}-ft centers. this spacing, the ground 
surface between the piles heaved about during the driving operations. 
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Before construction was started, the natural water contents and the stress- 
strain characteristics the clay were determined laboratory tests soil 
samples obtained from number borings. After the pile driving was com- 
pleted, additional borings were made determine the values these same 
properties for some samples taken close the piles and for other samples taken 
within the pile group the greatest possible distance from the surrounding 
piles. Two pairs borings were made, one pair about weeks after the piles 
were driven, and the other about months after pile driving. For conven- 
ience, the first pair will referred the borings and the second 
the borings. One boring each pair was made adjacent pile 
and the other the center group. The location one the original 
borings and the four additional ones with respect the piles shown 
Fig. original boring designated the symbol, The 
and borings adjacent pile are designated P-1 and P-11, respec- 
tively. Those the center group surrounding piles are denoted C-1 
and C-11, respectively. The borings were made before the pile cap 
was poured; the borings were made through sleeves cast the 
concrete pile cap. 

GENERAL 

composite vertical section through the piles and the subsoil shown 
Fig. which based the results six borings made various locations 
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the site before any piles were driven. These borings indicated that the 
soil was essentially uniform its properties horizontal directions over the 
entire area occupied the structure. 
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The soft clay divided elevation approximately 550 into upper 
and lower regions with rather different characteristics. This fact shown 
Fig. which the variation the natural water content, liquid limit, and 
plastic limit plotted function depth. Above the elevation 550 
the soft clay has lami- 
nated structure consisting 
alternating 
silty clay and highly plastic 
clay, commonly only 
thickness. The natural 
water content the lami- 
nated clay extremely 
variable and similar varia- 
tion occurs the values 
the liquid and plastic 
limits. their undis- 
turbed state, the samples 
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had unconfined com- 
pressive strength approxi- 
mately eight times that 
545 the same samples when re- 


molded the laboratory 
their natural water con- 
tent. Therefore, the up- 
per part the deposit 
may classified clay 
sensitive disturbance. 
Below the 550-ft eleva- 
tion the natural water 
content and the Atterberg 
limits the clay are 
markably uniform. There 
isa slight tendency for both 
the water content and the 
with increasing depth, but 
tions between any the 
values. The clay homogeneous appearance except for the fact that con- 
tains appreciable number small shale pebbles The 
unconfined compressive strength undisturbed samples only about twice 
that the material when completely remolded the same water content. 
Therefore, the clay the lower part the deposit may classified con- 
siderably less sensitive 
The nature the disturbance due pile driving the stratified clays 
this region illustrated Fig. After temporary pile trestle had served 
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its purpose, the clay surrounding the piles was removed excavation. Fig. 
shows the distortion the clay surrounding one the piles depth about 
below the ground surface. 


METHOD SAMPLING AND TESTING 


All the samples were taken steel tubing having 2-in. external diameter 
and wall thickness in. The tubes were long and beveled 
sharp cutting edge. Samples were 
taken continuously through the clay 
layer using casing whenever necessary. 
Usually the casing was driven after 
two tube samples had been recovered. 
The tubing was forced into the ground 
under static pressure and was not 
driven. 

Boring was made from the origi- 
nal ground surface before the piles 
were driven. The were prac- 
tically undistorted (Fig. 5). the 
basis this evidence, was considered 
satisfactory proceed with the in- 
vestigation using 2-in. diameter 
samples. 

Each tube was sealed the field 
and shipped the laboratory, where 
cylinders soil were then removed and 
tested, each specimen being subjected first unconfined compression test 
its intact state. was then remolded form another compression specimen 


and tested once more. large part the remolded sample was then used for 
the determination the natural water content; the balance was used for 
determining the Atterberg limits. the upper, laminated part the soil de- 
posit, thin vertical section was cut from the undisturbed sample immediately 
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after the first compression test. This section was dried slowly order 
disclose the stratification, and later photographed. 

Boring P-1 was made close pile possible. The pile itself was 
enclosed within corrugated metal shell consisting sections 
much the bumping the casing over the corrugations could detected 
during the boring operations, certain that the samples from this boring 
were taken within in. the pile. Because the high stresses that still 
existed the clay after pile driving the time this boring was made, the 
clay squeezed into the casing much before some the samples 
could obtained. This excessive amount squeezing, and even 
boring was observed that there was very noticeable squeezing the 
clay into the boring casing. The samples next the pile were therefore dis- 
turbed the combined influence pile driving and the flow the soil into 
the casing. such difficulty encountered normal boring operations 
this area, and none was observed either the borings made driving 
the C-borings made between the piles after driving. 


TESTS 


The thin sections samples taken adjacent pile month after pile 
driving and months after pile driving are shown Figs. 6(a) and 


Fra. 6.—Sampies For Bornes ApJacENT PILE 
(a) 1 Month After Pile Driving 


(6) 11 Months After Pile Driving 
respectively. Examination shows that the laminated structure every sample 
was preserved. Although the layers were distorted, and the case the sam- 
ples from boring P-1 severely distorted, they nevertheless retained their iden- 
tity. Hence, may said that the disturbance means amounted 


(a) 


or 
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complete remolding, process which all the structure and stratification 
sample are destroyed. 

Inasmuch the disturbance the soil could not have increased any 
conceivable method during the period between month and months after 
pile driving, reasonable assume that the specimens from boring P-11 
indicate most reliably the real distortion the soil adjacent the pile. These 
samples show much less distortion than those from boring P-1. The additional 
disturbance the samples from boring P-1 can therefore attributed exclu- 
sively the squeezing the clay into the casing during the sampling process. 

Close examination the specimens from boring P-11 suggests that the layers 
were compressed horizontally and that faults occurred. This would seem 
inevitable because the displacement the clay produced the insertion 
the piles. Nevertheless, the distortion not excessive. 

Samples taken from boring the center surrounding group 
piles, are shown Fig. The upper inch the undisturbed sample (Fig. 


more distorted than the remainder, and the laminations have shape 
which indicates that the distortion was due sampling rather than the 
effects pile driving. Figs. and 7(c) show sections that were cut after 
the unconfined compression tests were performed. Therefore, they show the 
shear planes along which the specimens failed the laboratory. apparent 
that none the three specimens shown Fig. has experienced distortions 
more severe than those produced the sampling processes the undisturbed 
clay deposit before any piles were driven. far distortion concerned, 
the soil the locations C-1 and C-11 can considered undisturbed. 

The effect pile driving the soil adjacent the pile and the center 
pile group shown quantitatively the unconfined compressive strength 
diagram (Fig. samples from borings P-1, P-11, and C-1, and the clay 
its completely remolded state the original water content. Fig. the 
data for boring P-1 indicate that the upper, more sensitive part the 
deposit, the compressive strength the soil adjacent the pile was decreased 
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pile driving value intermediate between the completely remolded and 
the original strength. the remolded strength considered the lowest 
value which the compressive strength can reduced, may said that 
the pile driving reduced the compressive strength slightly more than half 
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the maximum reduction possible. the homogeneous clay layer constituting 
the lower part the deposit the effect pile driving appears have been 
negligible. There essential difference between the average compressive 
strength the soil before and after pile driving. The same information for 
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boring P-11 shows that the compressive strength the upper, laminated part 
the deposit has increased somewhat since boring P-1 was made, and the 
lower part the deposit the compressive strength the soil generally much 
greater than was before the piles were driven. Similar information for 
boring C-1, taken the center the pile group, shows that there was small 
difference the unconfined compressive strength the soil the middle 
the group before and after pile driving. similar conclusion can drawn 
concerning the samples from boring C-11. 

Because the erratic nature the laminated part the deposit, 
significant information can obtained from the water content data. How- 
ever, the unusually uniform lower layer provides exceptional opportunity 
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for studying the changes water content which accompanied the changes 
compressive strength previously described. Fig. shows the variation 
water content throughout the depth this lower deposit the three different 
times when borings were made. Originally the average value the natural 
water content was 24.7%. month after pile driving the water content 
adjacent the pile (Fig. 9(a)) had decreased 22.8%, and after months 
had decreased Fig. 9(a) demonstrates clearly that the decrease 
the average value the water content was much greater than the statistical 
scattering the individual Therefore, there can doubt that 
significant, progressive decrease occurred. the other hand, trend can 
discerned the values the water content the soil the center 
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surrounding group piles (Fig. For all practical purposes the water 
content the middle the group remained unchanged throughout the 
months that observations were made. 


INTERPRETATION RESULTS 


The water content data demonstrate that process consolidation was 
initiated pile driving. The water content adjacent the piles decreased 
unmistakably with the passage time, implying that the water must have 
migrated away from the disturbed region. could not have gone into the 
piles, because the piles consisted watertight steel shells with joints 
apart the vertical direction. The joints themselves were waterproofed. 
However, even the joints had been able serve drains, the vertical spacing 
between joints was much greater than the horizontal spacing between piles, 
and considerable time would have been required for water flow vertically 
find any possible openings. also apparent that the water did not flow up- 
ward through the clay mass the laminated clay where drainage surfaces 
might have existed the form thin pervious layers. Fig. shows practi- 
cally constant decrease water content from top bottom the 20-ft layer 
from which the samples were taken, thus virtually eliminating the possibility 
that the water migrated vertical direction. 

only alternative appears that the water migrated horizontally 
from the disturbed zone near the pile the much larger mass relatively 
undisturbed clay between the piles. very slight swelling the more undis- 
turbed clay, corresponding imperceptible increase water content, would 
sufficient permit appreciable drop the water content the relatively 
small volume disturbed clay surrounding the pile. 

Since the water appears have migrated exclusively horizontal direc- 
tion, the process consolidation initiated driving friction piles into the 
clay would not ordinarily result settlement. Furthermore, the consolida- 
tion accompanied swelling other parts the clay mass, net volume 
change would occur and there would reason expect the ground surface 
subside. 


The preceding information indicates that the driving piles the site 
where the investigation was made did not have the detrimental effects which 
were forecast the basis soil tests undisturbed and remolded samples 
and the theory consolidation applied Mr. Casagrande. The soil 
adjacent the pile was not completely remolded but, the contrary, was 
disturbed only extent that, the most, might called “half remolded.” 
For all practical purposes the soil the middle the pile group was not re- 
molded all. 

also evident that the type consolidation produced the pile driving 
did not involve vertical flow water out the soil, but only lateral flow. 
Therefore, the bridge foundation had been supported friction piles rather 
than point bearing piles, there reason believe that the consolidation 
would have produced settlement the ground surface. The assumption 
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that the settlement would proceed result vertical migration the water 
out the clay, which formed the basis the Casagrande settlement forecast, 
not agreement with the observations made the investigation. Therefore, 
extremely doubtful that the disturbing effect pile driving, even for 
friction foundations, would detrimental clay the type encountered. 
the contrary, quite probable that piles would beneficial. 

The clays the site the investigations varied considerably sensitivity 
disturbance, the stratified clays being much more sensitive than the un- 
stratified clays. the evidence the investigation does not warrant 
the conclusion that disturbance due driving piles into soft clay source 
detrimental decrease the strength these clays source excessive 
settlement. 

the first place, the region disturbance limited zone within 
few inches the pile and the main volume the clay mass apparently 
undisturbed. the second place, based the unconfined compressive 
strength, the character the changes soil structure were apparently such 
increase the strength the unstratified clay and large portion the 
decrease the stratified clay was recovered with time. the third place, 
the change moisture content the disturbed zone left evidence migra- 
tion moisture from the clay mass whole. Under these conditions 
difficult see how any settlement the surface could result. 
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DISCUSSION 


Assoc. ASCE.—The experience the authors 
connection with the remolding clay due pile driving has been checked 
several details the experience the writer observing the subsoil Mexico 
City, Mexico. example, certain conclusions can drawn from the con- 
struction one particular foundation. 


Table Tons per 


Soft Voicanic Clay 
interbedded with 
Thin Sand and 
Silt Lenses 


> w 


Morelos Ave. 


e 
e 
> 


Very Hard 
Sandy Clay 


Stiff Volcanic 
Clay 


Stiff Volcanic 
Reforma Ave. 


Fie. Disrrisution Fic. 11.—Som Prorire 


General Information.—At the south corner the intersection Morelos 
Avenue and Reforma Avenue 11-story concrete building was erected wood 
piles driven three sections depth The site and the distribution 
piles, and the location reference points are shown The effective 
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area covered the piles 4,460 and the number piles 187; therefore, 
the average area covered per pile 23.8 and the average distance from 
center center piles 4.88 ft. 

Before excavation pile driving, four reference points and 
Fig. 10, were established the surface the ground. These points were 
referred fixed bench mark the old monument Cristobal Colon 
Reforma Avenue, distance about 150 from the building. 

The site was first excavated depth about 6.5 ft, and holes for the piles 
were pre-excavated depth ft. The piles were then driven through 


soft clay until they rested hard and well-packed sandy 


stratum depth 110 from the surface the ground. The soil profile 
and the variation the water content and unconfined compressive strength 
with depth (corresponding Figs. and are given Fig. 
sentative compressibility curves the soft volcanic clay are shown Fig. 12. 


0.1 5.0 10.0 
in per Square Centimeter 
Kilogram per Square Centimeter 14.2234 Pounds per Square 


Void-Ratio 
N 


Curves 


The curve represents the compressibility characteristics one the 
samples taken the site Shelby tube 5-in. diameter 
with sharp cutting edge. Curve represents the compressibility character- 
istics the same material after was completely remolded its original 
water content. The computed overburden pressure the depth from 
which the sample was taken denoted Fig. 

compressibility show the usual pattern undisturbed 
and completely remolded samples for Mexico City volcanic clay. The be- 
havior the material the field closely expressed curve The section 
AC, Fig. 12, corresponds the compressibility the load too small 
produce marked change the natural structure the clay, and the part CB, 
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the compressibility the load produce change the 
structure. point designated the “confined compressive strength,” 
transition occurs. The compressibility increases from values represented 
branch A-C the curve those represented branch C-B. For this sample 
the increase least tenfold. 

The stress-strain relationship for unconfined compression specimens tested 
constant water content given Fig. for two samples different depths. 
Under these conditions deformation the material behaves almost elastically 
about strain. Failure follows between strains and 3%. 
the remolded state the same water content the material bulges under its 
own weight strain about 5%. The dotted line Fig. represents the 
approximate stress-strain relationship for remolded sample. 
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Observations the pile driving the reference points the 
surface the ground moved upward considerably shown Fig. 
close the middle the lot (curve Fig. 14) heaved much in., 
those the south boundary (curves and Fig. 14), about in., and those 
the northeast corner (curve Fig. 14), about in. The upward move- 
ment the surface the ground rapidly the piles were driven. 


Excavation Period 6.5 Ft. 
ile Driving Peri 
Strain Months 
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After pile driving was finished, the surface the ground settled back quickly 
almost its original position. tendency the boundary points (A, and 
subside slightly and the interior points (point Fig. 10) remain 
heaved, with respect their original position, may noticed. The settlement 
had practically ended one month after the piles were driven. Further observa- 
tions have shown that, during the succeeding years, the surface the ground 
did not settle any further with reference the bench mark. The important 
fact that the soil heaved rapidly during pile driving and came back very 
short time its original position, spite the presence the piles, suggests 
the following, support the conclusions advanced the paper: 


The mass clay did not adhere firmly the piles skin friction. 
more than very small dragging force could have developed result the 
shearing resistance the remolded soil close the pile during the relative 
displacement between piles and soil. 

After the soil came back its original position, appreciable settle- 
ment the surface the ground was observed with relation the fixed bench 
mark. appears therefore that the clay between the piles was not sub- 
stantially altered during pile driving. 


Deductions from the Observations.—To test the hypothesis that piles driven 
the highly sensitive clay Mexico City radically disturb that clay, 
first necessary make rough estimate what should happen the ground 
surface for different degrees disturbance the clay mass due pile driving. 
For such estimate necessary know approximately the frictional force 
that develops along the piles the heaved soil subsides its original position. 
the frictional force larger than, equal to, the weight the clay surround- 
ing the piles, the surface the ground will remain its heaved position re- 
gardless the degree disturbance the clay. Depending the value 
this force, the surface the ground will come back certain position which 
function the degree disturbance the mass clay and the dragging 
force along the piles. 

Dragging dragging force exerted the piles during the move- 
ment the soil small. This substantiated the fact that, Mexico 
City, structures point-bearing piles appear raise above the ground surface, 
and the sidewalks appear settle away from the buildings because the self- 
consolidation that occurs the clay deposit. The sidewalks settle 
the very edges buildings resting piles, even the piles are close 
together three four diameters. there were appreciable frictional drag, 
the settlement should decrease near the edges the buildings. 

When pile driven the hard stratum, only small effort necessary 
push through the clay. Usually vibrations are introduced 
the soil because the weight the pile and hammer, aided very gentle blows 
the hammer, sufficient force the pile down the required elevation 
where the driving difficult for short distance. When the point the pile 
pushed into the clay, the clay displaced from beneath the point possibly 
indicated Fig. 15. The high pressures imposed the pile point transform 
the clay into highly viscous material that flows upward and away from the 
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point the pile until surrounds the shaft the form annular 
some occasions, has been observed that fluid clay has squeezed out the 
surface the ground the shaft the pile. Since the process occurs rapidly, 
the clay changes position unaltered water content. Analyzing hori- 
zontal slice above the point the pile one finds that the new state the clay 
surrounding the pile may classified approximately three different zones 
follows (see Fig. 15): 


Zone Il Zone IL 


Zone Ill Zone III 


Zone the material probably perfectly remolded condition and 
keeps movement during pile driving until the pile reaches its ultimate 
position. remolded clay squeezed onto the ground surface, the 
volume material the annular ring corresponds exactly that displaced 
the pile. The thickness the ring therefore 0.2 

Zone the material probably considerably disturbed. this region 
assumed that the clay moves the point the pile displaces the 
afterward the material should remain almost motionless. The outside di- 
ameter the annular ring corresponding this zone probably extends 

Zone III the clay assumed remain unaltered during pile driving 
except for temporary upward elastic deformation due the pressures caused 
the displaced volume remolded clay during pile driving. Zone 
constitutes the remainder the mass clay located within the piles. the 
linear upward deformation should exceed about 2%, this zone would become 
somewhat altered (see Fig. and Fig. 13). However, the site observed, 
the level readings indicated maximum deformation only 1.2%. Therefore, 
the clay Zone III retains its elastic, undisturbed character. 

Because the remolding effect the compressibility the clay surrounding 
the piles distance approximately increases much ten times. 
The large hydrostatic excess pressures the altered clay, caused pile driving, 
make this portion consolidate rapidly. This produces stress relaxation 
the rigid, elastically distorted, undisturbed clay and allows regain its 
original 

The circular boundary the undisturbed clay moved inward toward the 
pile because the consolidation. The movement cannot exceed about 0.12 
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distance corresponding the volume the pile, because the ground surface 
settled approximately its original position. Hence, the volumetric strain 
produced the remolded clay not more than 0.12. the assumption that 
the initial void ratio the remolded clay along the pile was equal the 
average void ratio the undisturbed clay before pile driving, and that was 
equal about 9.0, the change water content the annular ring thickness 
was approximately 120/2.4 50%, which 2.4 the specific gravity 
the solids. Since the initial average water content was 375%, the reduction 
the order 100 50/375 The usual sensitivity this clay 
greater than about 15. Therefore, 13% reduction the water content 
the remolded clay could not appreciably increase its shearing strength. 
According the preceding reasoning, one should use the shearing strength 
the perfectly remolded clay estimate the magnitude the dragging force 
the piles due settling the clay between them. average value 0.3 
ton per used (Fig. 11) for the shearing strength the undisturbed clay, 


_and minimum value the sensitivity taken 15, then the shearing re- 


sistance during the relative movement the pile and the soil the order 
0.02 ton per ft. the site the observations, the piles are 
embedded clay for and have average diameter the 
computed total downward force per pile the order 3.14 0.833 
0.02 4.7 tons. Therefore, the soil would adhere firmly along the piles 
only the weight the surrounding soil were smaller than this quantity. 

Test Working the dragging force known approxi- 
mately and has order magnitude 4.7 tons per pile, now possible 
test (1) the validity the thesis this paper that the soil not remolded 
appreciably pile driving, well (2) the concept expressed diagrammati- 
cally Fig. 15. These characteristics can examined computing the 
settlement the ground surface and comparing the results with the observa- 
tions. First, assume the clay mass completely disturbed during pile 
driving, and the mass clay between the piles act perfectly remolded 
material. The material will consolidate void ratio accordance with 
that determined completely remolded specimen the laboratory. Sec- 
ondly, assume the clay behave remolded material only distance 
from the shaft the pile one diameter, and the remainder the clay be- 
tween the piles not change substantially. 

The deformation the surface the deposit because change volume 
compressibility and change effective stress may expressed 


which the surface deformation; the thickness the deposit, equal 
ft; the average effective stress; and the average coefficient 
unit volume change the deposit the unaltered condition, equal 0.045 
per ton. 

Concept (1) will tested computation for the center the area. The 
average overburden pressure including the relief stress due excavation 
0.672 ton per ft. One pile, representing average area 23.8 ft, offers 
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frictional resistance 4.7 tons. Hence, the approximate change stress 
the deposit will 4.7/23.8 0.197 ton ft. The initial void ratio 
from the compressibility curve Fig. 12, 11.2 for pressure 0.672 ton 
per and the final void ratio taken for pressure 0.672 0.197 0.475 
ton per found from curve C,, Fig. 12, 3.0; 
3.0 

ft; that is, the ultimate subsidence the surface the ground would 
roughly settlement the Mexico City silty clay occurred con- 
trary the Cummings-Kerkhoff-Peck concept. Drainage conditions are 
favorable the deposit. Therefore, least large percentage this sub- 
sidence should appear the first months after pile driving. the knowledge 
the writer, there has never been reported subsidence the ground due 
pile driving Mexico City that amounts even small fraction this value. 

The second concept (that illustrated Fig. 15) leads the following 
values, tons per square foot, for the center the lot: 


and Eq. gives 


Description Pressure 
Overburden pressure considering excavation 0.672 
Decrease pressure due frictional resistance piles —0.197 


Increase pressure the undisturbed clay due the 
area occupied pile and remolded material 


Final pressure 


Increment change pressure 0.650 0.672 0.022 ton per ft. 

Since the central portion the clay remains unaltered, and Eq. 

similar computations are made for the corner the lot, value 
0.25 in. obtained for the subsidence the surface the ground. 

Conclusion.—The results obtained the second computation, although only 
rough estimate, show with reasonable accuracy the general trend and order 
magnitude the movements that have been observed the field, and are 
agreement with general experience Mexico City. The conclusion the 
authors that the disturbance limited zone within few inches from the 
pile and that the main volume the clay mass remains practically undisturbed 
during pile driving appears proved. Therefore, the writer believes that 
the real phenomena the field are close agreement with the second concept, 
illustrated Fig. 15. 

Finally, according the concept complete remolding, structures 
spread footings rafts adjacent sites where pile foundations are driven 
should begin settle because the disturbance. The writer has never ob- 
served this phenomenon, although the compressibility the clay great 
when remolded that any such occurrence would certainly have attracted his 
attention. 
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ASCE.—Just about two hundred years’ ago John Muller 
wrote— 


the foundations all buildings general, are the utmost im- 
portance, respect the strength and duration the work, shall enter 
into all the most material particulars, which may happen different soils, 
order execute works with all the security possible, because many great 
buildings have been rent pieces, and some have fallen down, for want 
having taken proper care laying the foundation.” 


—and this approach the foundation problem that the authors have 
conducted their study determine how clay soil altered the driving 
closed end piles. 

summary the five recommendations and comments made Muller 
seem very pertinent the authors’ conclusions: 


(1) Use proper augers bore holes from deep order 
discover the nature the soil and its hardness. 

(2) the soil gravel hard stiff clay, sinking will occur. 

(3) the soil not uniform, lay grate timbers crossed two ways, 
sometimes boarded over with 3-in. wood planks; sand needs such grates. 

(4) the soil first soft and hard below, then drive piles and lay grate 
above them; drive few piles determine the proper length before cutting 
all the piles. 

(5) Sometimes bed gravel clay has soft mud below, and dan- 
gerous drive piles, then build timber deck and let sink bearing 
method used Russia and Flanders with good results). 


The authors have contributed this centuries old search for the “proper 
care laying the foundation.” does not seem that they intend convey 
impression that the clay was not altered, for such impression would not 
substantiated the results. 

Under the conditions the test, the authors’ conclusions that the soil was 
not weakened seem warranted. 

The spacing diagram shows that pile occupies ft, which the pile 
displaces 5%. the clay, between El. 505 and El. 570, the volume 
replaced the pile ft. This volume displacement would indicate 
rise 3.40 the earth’s surface, change occurred within the soil mass. 
The paper reports that the surface between the piles heaved about 
during the driving operations.” The remaining 1.40 indicates 
average compressive strain more than the 65-ft layer clay. The 
intensity the resulting stress indicated the squeezing much 
the clay into the casing test boring P-1 taken near the pile month 
after driving. such phenomenon reported the P-11 boring. 
possible that the stress condition was dissipated the 10-month interval? 
This would explain the difference the distortion layers shown the samples 
Fig. but hardly proof that the clay not affected the pile driving, 
that the pile may not affected this change internal soil conditions. 


Cons. Engr., New York, 
Containing the Practical Part John Muller, Millar, London, 1755, 
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Another difficult item explain the moisture loss, unless assumed 
that the solid fraction the soil displaced squeezed into the immediately 
adjacent soil and that the soil was not fully saturated, that the gas content 
was compressed sufficiently make room for the additional solid material. 
This change may not equivalent remolding, but certainly changes the 
soil characteristics and may have unexpected effects the piles. This type 
soil stress condition has been known cause heaving piles. 

The foregoing comments are not criticism the authors’ study. The 
costs such field and laboratory tests are quite high. The piles considered are 
definitely end bearing far load-carrying capacity concerned. Had the 
piles been driven friction piles, record settlements the piles the 
structure carried the piles could have been used correlate changes soil 
with change vertical position. That is, after all, the subject about which 
the paper should chiefly concerned. Muller pointed out, the soil 
“first soft and hard then drive piles and place the load How- 
ever, when the soft mud below, dangerous drive piles. would 
worthwhile have the authors’ conclusions whether the alteration 
soft clay resulting from pile driving can depended upon improvement 
the soil bearing value the depths where the piles transfer load the soil. 
Even Muller knew that piles such soils increased the soil bearing value near 
the surface; and recommended French method consisting pile en- 
closure with the soft soil dug out with “machine not deeper than 
and surfaced with crib the soft muck ran deeper, and also surface 
cement concrete sets under water.” 

difficult believe that this expensive research program was under- 
taken only disprove the statement that soft clay completely remolded 
pile driving. hoped that the authors will publish any other practical 
conclusions observed this work. 


Jun. ASCE.—This paper contains the first experi- 
mental data that can used evaluate the analysis clay structures pre- 
sented‘ Casagrande, ASCE, 1932. The fundamental contentions 
Mr. Casagrande pile driving consolidated partly con- 
solidated clay remolds the clay and thereby increases its 
are substantiated the experimental data the paper. The authors’ inter- 
pretation the data, and their conclusions, conflict with the theory developed 
the assumptions made Mr. Casagrande. The principal variance the 
two papers the estimate the extent the zone remolding. The 
paper uses unconfined compression test strength the sole quantitative basis 
determining the amount remolding. However, measure the increase 
compressibility the dominant need, since failure the type foundation 
being considered generally large settlements. Confined consolida- 
tion tests most accurately simulate the condition the soil the ground and 
directly measure the consolidation the sample. plotting the consolida- 
tion, under given load, undisturbed samples, and samples various dis- 
tances from the pile, the extent the zone which detrimental consolidation 


Cons. Engr., New York, 
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takes place can determined. This method used Mr. Casagrande, but 
was limited the fact that only the undisturbed sample and the completely 
remolded laboratory sample were available. confined consolidation tests 
could made the samples taken the authors, the missing information 
between these two extremes would furnished. Until such tests are made, 
the results Messrs. Cummings, Kerkhoff, and Peck cannot used with 
confidence evaluate the accuracy the conclusions Mr. Casagrande. 

the basis that dried samples, although severely distorted, retained 

evidence their original stratification, the authors conclude that 
remolding did not occur. The significance remolding clay that grain 
arches, which are the principal supporting elements the material, are broken 
down that the grains are free move and consequently can consolidate 
partly. This process does not require the mixing soil from the component 
strata, but can occur within each stratum that the grain arches are broken 
down with only small relative movement adjacent grains and destruction 
the cementing material grain contacts. such situation the strata 
the dried sample distinguished color, texture, etc., would not dis- 
arranged although reduced thickness. Thus, the principal supporting 
capacity the clay would lost without the intermingling component 
strata. 
eliminating all but horizontal drainage path away from the pile, the 
authors observed that the process consolidation initiated pile driving 
would arrested the lack suitable drainage. The possibility 
vertical drainage path the surface the pile was not considered, however. 
1927, Karl Terzaghi, Hon. ASCE, concluded® that, when piles are being 
driven clay, displaced pore water forced upward between the surface 
the pile and the impervious clay free water surface above. Pore water 
forced from stressed clay mass would similarly forced vertically along the 
pile surface the nearest free drainage surface. this situation, the static 
load forces the pile would equivalent the dynamic force pile driving 
considered Mr. Terzaghi. From observation Fig. can noted that 
the clay the surface pile remolded that numerous cracks and 
groves exist. These combine form open channel flow path around the 
pile, that offers less resistance flow than does the geometrically shorter 
route the center the impervious clay mass. Thus the process consolida- 
tion initiated pile driving can continue through drainage surfaces provided 
the piles themselves. 

Conclusions.—Although the paper provides much needed experimental in- 
formation, there still need for confined consolidation compression test 
the samples obtained and for settlement calculation for typical friction 
pile foundation the site the samples. Interpretations and conclusions 
loosely considered observations may mislead the engineering profession into 
neglecting the valuable analysis the effect driving friction piles clay 
presented Mr. Casagrande.‘ 


Science Foundations—Its Present and Future,” Charles Terzaghi, Transactions, ASCE 
Vol. 93, 1929, p. 270. 
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the effect pile driving the water content and the unconfined com- 
pressive strength clay layer are presented this paper. However, 
noted that the authors did not offer any direct data support the thesis 
that the ground surface between the piles did not subside. comparatively 
easy obtain this information conclusive form direct measurements 
settlement provided they are undertaken simultaneously with other forms 
study the start project. The writer familiar with case which 
such direct measurements were made somewhat later but nevertheless produced 
irrefutable evidence support conclusions diametrically opposed the 
conclusions submitted the authors the important point the ground 
surface settlements. 

This case was follows: The structural framework large 4-story 
building rested 120-ft steel pipe piles which had been driven with closed end 
through laminated soft varved clay glacial origin good point bearing 
underlying hard stratum. The building had subbasement, which involved 
excavating from the soil and reducing the load the ground 
corresponding amount. Therefore, the original designers the building 
deemed safe let the basement floor and partitions rest part the 
ground itself, rather than have them entirely supported girders connected 
the footings that capped the piles. Soon after the building was completed 
and occupied, signs distress appeared the basement the form structur- 
ally unimportant but unsightly cracks the floor and the partitions. The 
nature these cracks indicated the probability that part the concrete floor 
slab which rested directly the ground between the pile groups was losing 
its support there. were then drilled the basement floor slab and 
reliable bench marks were established the upper few feet the clay. Precise 
measurements were performed which indicated that the surface the clay was 
settling respect the elevation the pile capping beams. The settlement 
was still continuing decreasing rate after several years had elapsed. All 
evidence pointed gradual process reconsolidation the clay under its 
own weight result its partial remolding the pile driving. The steel 
pipe piles were driven one single welded section. Thus drainage the 
clay was possible only upward and downward. 

the case just described the distance between pile groups was four 
five times greater than the distance between the piles the case described 
the authors. lesser degree remolding should have been expected; never- 
theless ground surface settlements were actually measured between the pile 
groups. Otherwise the conditions were similar. Therefore the contrary con- 
clusions the authors concerning ground surface subsidence are subject 
question unless direct and quantitative evidence produced support them. 
too late now start settlement measurements since equilibrium has prob- 
ably already been reached this case. The writer has hypothesis offer 
which may explain, manner quite different from that the authors, the 
observations concerning water content changes. This hypothesis based 
the results tests performed the writer’s Soil Mechanics Laboratory 


1 Associate Prof. of Civ. Eng., Princeton Univ., Princeton, N. J. 
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Princeton University Princeton, J., with apparatus termed “lateral 
earth pressure 

The lateral earth pressure measurements themselves, well the testing 
techniques which were developed order meet the special conditions created 
the deformations the surface the consolidating clay, are not pertinent 
the present topic and therefore will not discussed. The observed de- 
formations the surface the originally fluid clay, however, are direct 
interest and are illustrated Fig. 16. When the vertical pressure was applied 


Porous Lining 
Metal Cylinder 


VERTICAL PRESSURE APPLIED THROUGH (b) VERTICAL PRESSURE APPLIED 
FLEXIBLE RUBBER MEMBRANE THROUGH RIGID PLATE 


Fig. 16.—Tue Ervecr or Bounpary Conp!rions ON THE SuRFACE DgFORMATIONS AND ON THE 
oF Warer Content or a CONSOLIDATED IN THE LABORATORY 


compressed air the originally plane surface the clay through flexible 
rubber membrane all stages consolidation, well after its completion, 
the surface the clay was found show pronounced dip the center the 
cylindrical apparatus. This dip could explained only the restraining 
effect shearing stresses developed along the rigid but pervious vertical walls 
the device. Thus the rate the settlements points the clay surface 
was governed not the rate consolidation the clay beneath each point 
the surface, but plastic deformations the clay mass which must have 
followed trajectories approximately indicated the dash-dotted lines and 
arrows Fig. 

entirely different condition was observed when rigid steel plate was 
interposed between the clay surface and the rubber membrane. was found, 
after completed consolidation, that the steel plate had been supported 
hollow outer cylinder consolidated clay with central shaft semi-liquid 
clay the original consistency, illustrated Fig. 


Features Large-Scale Earth Pressure Tests,” Edward Ward, John Bayliss, and 
Philip P. Brown, in ‘‘Lateral Earth Pressures on Flexible Retaining Walls: A Symposium,” Transactions, 
ASCE, Vol. 114, 1949, pp. 455-463. 

Boundary Conditions Lateral Earth Pressures,” Gregory Tschebotarioff and 
John David Welch, Proceedings, 2d International Conference on Soil Mechanics and Foundation Eng., 
Rotterdam, 1948, Vol. III, pp. 308-313. 
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The foregoing findings and observations, which were made the labora- 
tory, will now extended illustrate somewhat similar hypothetical con- 
dition the field, which may arise when concrete piles are more pervious 
than the surrounding clay and can serve rigid vertical drains for that sen- 
sitive clay remolded the pile 
driving and reconsolidating un- 
der its own weight. This hypo- 
thetical condition illustrated 
surrounded cylinders re- 
consolidated clay water 
content smaller than the original 
one. These cylinders denser 
clay would support the remolded 
clay between them 
Fig. 17) somewhat similarly 
the way concrete columns 
support flat slabs building. 

Many observations reported 
the authors agree with this 
hypothesis should one wish 
apply the case described 
the paper. For instance, the 
clay the borings next 
the piles was under such high 
Re-consolidated pressure that squeezed into 
the casing. the other hand, 
this did not happen the 


Clay, Re-consolidated Under Owr piles. This reaction should 
Weight and Part Weight Adjoining Cla 
TION THE COMBINATION cording the hypothesis which 


region would partly supported the cylinders denser clay around 
the piles. 

prerequisite for the validity the hypothesis illustrated Fig. 
the drain-like action the piles. The authors claim that this was not possible 
the case reported them, but their reasoning not entirely convincing. 
The waterproofing the joints the corrugated metal shell might have 
appeared fully effective, true, during the few hours (or even minutes) that 
elapse between the driving the shell and its filling with concrete; but the 
clay itself would help produce that impression since the visible discharge 
through would very slight within such short time even open and 
only partly lined pit. These same joints, the other hand, might permit 
appreciable leakage through them over period month. The condition 
layer soil immediate contact with the skin the corrugated metal 
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shell the pile might such that some seepage vertical direction toward 
the joints could facilitated there. instance, conceivable that some 
the more pervious fill material from the surface filled the hollows the 
corrugations the shell during the pile driving and was carried down with 
the pile. 

For all the aforementioned reasons, the writer cautions against the unre- 
served acceptance the thesis the authors according which clay re- 
molded pile driving will not reconsolidate and settle under its own weight. 


Undisturbed; 
Not-Flooded Second 
Run : 
Undisturbed; 
2 Run 4) 
3 
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Building 


Reduced 
Not Reduced 
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VALUES THE COMPRESSIBILITY COEFFICIENT COMPUTED FROM 


Not Reduced 
Weight Excavation 


Computed from Observed 
Settlements of Buildings 


d 


the other hand, the writer fully agrees with the contention the authors 
that Casagrande, ASCE, exceeded reasonable limits his original 1932 
forecast the extremely detrimental effect pile driving into clays; and 
especially his comparison with other possible sources disturbance. 
This opinion based the results combined field and laboratory study 
which the writer performed Fig. compares the values the coeffi- 
cients volume change obtained from different procedures laboratory 
consolidation tests and from the observed settlements two buildings. The 
laboratory m,-values were obtained from the formula— 


the Extent Disturbance Produced Driving Piles Into Plastic Clay the Dis- 
turbance Caused by an Unbalanced Excavation,’’ by Gregory P. Tschebotarioff and James Schuyler, 
ee | International Conference on Soil Mechanics and Foundation Eng., Rotterdam, 1948, Vol. 

Pp. 199-205. 
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(6) 
Load Reduced by = 
< Weight of Excavation 
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which the coefficient compressibility Ae/Ap; the initial void 
ratio; the final void ratio; and the increment unit vertical pressure. 
The laboratory m,-values marked “second run” were obtained the pro- 
cedure described the writer connection with studies 
swelling clays. The preconsolidation load such clays was determined first. 
Then new specimen the clay was loaded the preconsolidation load, 
unloaded the value the weight the overburden, and loaded again—this 
second loading being then referred Fig. the run.” 

Several alternatives had also considered when computing the m,-values 
from the observed settlements the case building which was sup- 
ported frictional piles, the exact average depth the compressed layer 
not known. For that reason computations were performed for the limit 
values and the actual value having intermediate value. Also 
was not known whether the clay had fully readjusted itself the new stress 
conditions after the completed excavation the basement. were known, 
then the full load the building, without reduction the weight the 
excavation, should used for the computation Eq. 


the other hand, the clay had neither expanded nor heaved after completion 
the excavation, the reduced load should used for the computation Ap. 
Both limit conditions are should noted this connection 
that building Fig. 18, the same structure for which the time-settlement 
curve was given Mr. That diagram indicates zero settlement 
August, 1929, when the weight the building reached the weight the 
excavation. However, copy the actual settlement record for August 26, 
1929, examined the writer, indicated measured settlements which varied 
that date from 0.25 in. 1.3 in. different parts the building, with 
average value 0.7 in. Thus, some heave the clay surface must have 
occurred previously during excavation, and the actual condition the field 
would lie between the two limits indicated Fig. 18. 

With this mind, can noted from Fig. that the value the m,- 
coefficient completely remolded laboratory sample (in line (5), 0.0430) 
approximately five times greater than the largest possible value based 
actually measured settlements (in line (6), 0.0090) that coefficient for 
building which was supported piles. approximately seven times 
greater than the average value lines (6), (7), (8), and (9) 0.0056) 
which the writer believes correspond more closely actual conditions. 
the same time this latter value almost identical with the average value 
(lines (10) and (11), Fig. (m, 0.0050)) for building which was not sup- 
ported piles. 


1% **Comparison Between Consolidation, Elastic and Other Soil Properties Established from Laboratory 
Tests and from Observations Structures Egypt,” Gregory Tschebotarioff, Proceedings, 


a Conference on Soil Mechanics and Foundation Eng., Cambridge, Mass., 1936, Vol. I, pp. 


Structure Clay and Its Importance Foundation Casagrande, Journal, 
Boston Soc. of Civ. Engrs., April, 1932, Fig. 28. 
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All laboratory tests which Fig. based were performed samples 
obtained Shelby tube samplers 3.5 in. diameter. detailed discussion 
the significance the results beyond the scope the present paper. 
should mentioned, however, that only the samples for which the photographs 
showed distortion all were used for final evaluations undisturbed 
Their average strain unconfined failure was 9.3% for 10-min 
20-min duration test. the other hand, samples sensitive clay the 
type shown Fig. although claimed the authors “practically un- 
distorted,” the writer’s experience would have considered partly re- 
molded with much higher strains failure, 30% 40% lower strengths, and 
greater compressibility. hoped that the closing discussion will give 
the strains specimens failure. Presumably the use only 2-in.-diameter 
tubes responsible for the condition the samples illustrated Fig. 

The writer surmised that the almost identical values the m,-coefficients 
buildings and (Fig. 18) might explained the remolding effects ac- 
companying the distortions all underlying layers, which distortions could 
induced heave the bottom the excavation, such appears have 
occurred the case building whereas the remolding caused pile driving 
might much more localized. This hypothesis was confirmed qualitative 
manner three-dimensional model study with gelatine performed 1947 
James 

summarize, the writer feels that, although the authors are right 
pointing out that Mr. Casagrande originally exaggerated the detrimental 
effects pile driving clay, the authors themselves have now gone too far 
the opposite direction. 


Assoc. ASCE.—Effort, money, and time have 
been spent obtain the factual data this paper, subject that has long 
been controversial. The writer commends the authors for securing and pre- 
senting the data completely the engineering profession their paper, but 
cannot agree with the conclusions drawn from these data. fortunate 
circumstance this investigation was the existence extremely uniform 
deposit soft blue clay below El. 550 from which the authors have plotted 
extensive test data between Fl. 550 and El. 525. This discussion will con- 
cerned primarily with this soil layer and these data. 

The authors describe this layer homogeneous soft blue clay, with the 
exception that includes appreciable number small shale pebbles 
diameter,” and not particularly sensitive remolding. The authors 
have included statements average water contents before and after pile 
driving from the data shown Fig. The writer has used these averages 
and has abstracted compressive strength data from Fig. and water content 
data for borings C-1 and C-11 from Fig. and computed similar averages. 
These average test results, all taken directly from the authors’ data, are sum- 
marized Table Because the uniformity the clay layer question, 


Determination the Shearing Varved Clays and their Sensitivity Remold- 
Mechanics and Foundation Eng., Rotterdam, Fig. 


1” Prof., Civ. Eng., Technological Inst., Northwestern Univ., ‘Qeenien I. 
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assumed that averages test data over 25-ft depth equalize the minor 
natural variations from sample sample and represent acceptably the average 
conditions the entire clay layer. 

The data Table not tell the entire story what happened the 
homogeneous clay during the pile driving because considerable periods time 
elapsed between the pile driving and the sampling and testing, and both the 
water content and the compressive strength changed progressively with time. 
The significance the data shown Fig. 19, which part consolida- 
tion test compression curve for Detroit clay, with approximately the same 
initial water content and plasticity characteristics, superposed plot 
points representing the authors’ average water content and compressive 
strength data. Previous has shown that semilogarithmic plot 
test data for saturated natural clay, the compressive strength-water content 


Description Boring | Boring | Boring | Boring | Boring Re- 
A P-1 P-1l C-1 C-ll molded 
Elapsed time after driving, in months..... Before 1 ll 1 ll Before 
Water content (per cent of dry We oa oo 22.8 22.0 23.8 24.4 24.7 
Compressive strength (tons per sq ft)..... 0.61 0.56 0.75 0.56 . 0.28 


* Not shown. 


relation curve parallel the virgin (or essentially straight-line) part 
the consolidation test curve. this case seems more than coincidence 
that the points for the average strengths completely remolded clay and 
clay immediately adjacent the pile month and months after driving 
should fall single straight line approximately parallel consolidation 
test curve that reasonable for this clay. 

From Fig. the writer’s interpretation the authors’ data follows. 
first assumed that the degree sample disturbance due sampling opera- 
tions approximately the same for all borings because all samples were taken 
the same procedure. With this limitation, point Fig. for boring 
represents the condition the clay before pile driving. During pile driving 
the condition the clay immediately adjacent the piles moved from point 
point condition complete remolding. the first month after 
pile driving, this clay consolidated from point point with consequent 
increase strength. the following months, the consolidation and in- 
crease strength continued point where the strength greater than the 
original natural strength the clay. The one test point, the center 
pile group (about two and one-half diameters from the surfaces the piles) 
indicates that the clay this location was partly remolded and after month 
had consolidated about one half much clay immediately adjacent the 
piles. 


Research and Pressure Distribution Studies Soil Mechanics Fact-Finding Survey, Water- 
ways Experiment Station, Vicksburg, Miss., April, 1947, pp. 20-26 and 79-100. 


Natural Clays,” Rutledge, paper presented ASCE Meeting, Boston, Mass., 
October, 1948, Civil Engineering, November, 1948, p. 23 (abstract). 
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The data Fig. show why, when piles are pulled out clay several 
months after driving, cigar-shaped mass clay sometimes adheres the 
pile. The strength the clay immediately adjacent the pile (point 
Fig. 19) has become greater than the strength the clay some distance from 
the pile (points E). pulling, the clay shears through its weakest zone, 
which either the interface between pile and clay some distance away 
from the pile surface. 

unfortunate for the authors’ arguments concerning vertical consolida- 
tion settlements the clay that the piles this investigation were driven 
point bearing hardpan. With the piles penetrating through the clay mass 
fixed vertical reinforcement 4.5 centers, little vertical consolidation 


Consolidation Test Curve 
Sample P3-4-1 River Rouge 


Boring One Month After 


Pile Driving 


Boring P-11 —Eleven Months After 
Pile Driving 


Probable Curve of Strength Vs. Water 
Content for Completely Remolded Soil 


in per Sq Ft 


Water Content, in per Cent of Dry Weight 


should expected even all the clay between the piles completely remolded 
and tending consolidate under its own weight. area considered 
bounded the center lines four-pile group, there mass 4.5 4.5 
deep which the total volume perfectly rigid, consisting 
four quadrants pile the four corners the mass. According the 
authors’ observations, the top the clay heaved about during driving, 
representing total volume increase about compared with the 
total volume occupied the piles. From these rough some 
decrease volume the soil during driving indicated. 

The 95% volume clay, assumed completely remolded, longer 
equilibrium with the stresses resulting from the weight dverlying material 
and tends consolidate and move downward. However, 22% the sur- 
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face area the clay mass bounded nonmoving pile surfaces which 
downward motion will develop shear stresses, while the remaining 78% the 
surface area contact with clay the same condition the mass under 
consideration. Ignoring the possibility arching effects, shear stress 
0.26 ton per the interface between piles and clay sufficient carry 
completely the weight the clay mass. From the authors’ tests, the shear 
strength this point immediately after driving was 0.14 ton per ft, and 
increased 0.28 ton per the first month after driving. other words, 
downward motion the interface between pile and clay could develop 
shear stress sufficient transfer half the total weight the clay the piles 
immediately after driving. stress transfer such magnitude this clay 
would certainly greatly decrease the tendency the remolded clay con- 
solidate vertically. After month the consolidation the clay adjacent 
the piles has produced strength sufficient transfer the entire weight the 
clay the piles downward motion the clay should continue. Thus 
relatively small consolidation and downward motion the clay are sufficient 
transfer large part its weight the rigid piles and eliminate the 
stresses that otherwise would cause additional consolidation. 

the piles were friction piles with their lower penetrating nonrigid 
clay layer which carried the pile load primarily skin friction, entirely 
different situation would exist. The initial downward motion the remolded 
clay would transfer load approximately tons each pile. this load 
increase did not cause downward motion the pile, further consolidation could 
transfer the entire weight the clay mass, about tons, each pile. 
seems probable that this magnitude excess load friction pile would 
cause excessive skin friction the bottom section the pile and settlement 
the pile. 

From these considerations the writer believes that the authors’ contentions 
concerning the absence vertical consolidation are not valid because: 


(1) The conditions the field tests were such that only small amounts 
vertical consolidation should expected; 

(2) The test data indicate small over-all decrease water content 
and volume the clay; and 

(3) The conditions this investigation cannot extended the entirely 
different conditions friction piles. 


general, the authors’ test data seem provide remarkable confirmation 
the predictions Casagrande,‘ ASCE, the remolding effect pile 
driving clay which were made 1932 the basis hypothetical evidence. 
Finally, the writer again expresses his appreciation the authors for their 
efforts obtaining these factual test data and publishing them full that 
all engineers can analyze and draw conclusions from the observations. 


comparatively small number case records are 
available describing field investigations conducted with the object obtaining 
data the behavior clays relation piling. This paper interesting 


Univ. Reader Soil Mechanics and Asst. Prof., College, Univ. London, London, England 
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and valuable addition that literature. problem such that the 
effect driving piles into stratum clay answer can obtained any 
given case only reference past records relating similar clay, since the 
difficulties predicting the influence pile driving the clay properties, 
from laboratory tests alone, are very great. 

knowledge this problem, therefore, dependent upon the collection 
reliable field data, and the amount the data present very limited, 
all the more important examine detail the results given the present 
paper. Consequently, the writer feels justified raising several points 
which does not find himself full agreement with the authors, and will 
also give brief description job which the driving piles bed 
clay moderately high sensitivity was instrumental leading disastrous 
consequences. 

basis for examining the results the authors’ investigation, the writer 
has evaluated the average strength both the upper and lower clay strata, 
found borings P-1, P-11, and C-1 (Figs. and 9). These average values 


TABLE STRENGTHS SAMPLES 
REPORTED AUTHORS 


Group, 3 
Arrze Drivine 
Weeks After Driving |11 Months After Driving 
Strata 
turbed ing turbed oa 


Upper |570 to 550} 0.48 | 0.15 


Lower |550 0.61 0.27 0.56 


undisturbed strength 


remolded strength 


remolding. Loss strength percentages, respectively, undisturbed strength and full remolding loss. 


are given Table from which would seem that the following five con- 
clusions may drawn: 


(1) The upper clay has moderate sensitivity, the average value for the 
sensitivity the clay between El. 570 and El. 550 being the light this 
result the writer does not agree with the statement (under the heading, 
Soil that: 


“In their undisturbed state, the samples had unconfined compressive 
strength approximately eight times the same samples when re- 
molded the laboratory their natural water content.” 


This appears true only for the two samples El. 571 and El. 575, and 
from Fig. that these two samples are not characteristic the upper 
clay. 
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(2) The upper clay adjacent the pile, weeks after driving, suffered 
loss strength 48%, which amounts 70% the full remolding loss. 
the center the pile group, distance about two and quarter diameters 
from the surface the pile, the corresponding losses were 25% and 36%. 
Thus, this clay moderate low sensitivity the strength weeks after 
driving varied from one half three quarters the original strength and, 
moreover, this loss amounted between one third and two thirds the maxi- 
mum possible reduction. These results are not drastic those suggested 
making generalization); but they appear, nevertheless, rather sub- 
stantial losses and, least far the upper clay concerned, the writer 
cannot altogether agree with the conclusion, drawn the authors (under the 
heading, that the effect pile driving, even for friction founda- 
tion, would quite probably beneficial. 

(3) the same connection may noted from Table that the strength 
the upper clay, adjacent the pile, months after driving still only 
about 80% its original value. 

(4) Corresponding loss strength between 25% and 48% there 
would presumably appreciable increase compressibility and decrease 
modulus compression. These effects, again, cannot considered 
beneficial from the point view foundation behavior. 

(5) Turning now the lower clay between El. 550 and 520 the writer 
substantial agreement with the authors their conclusion that the effect 
pile driving comparatively unimportant. has remembered, how- 
ever, that the lower clay one low sensitivity—namely, 2.3 (average), and 
that many geologically recent estuarine and marine clays have sensitivities 
between twice and five times this value. 


case which the effect pile driving appears one the main 
causes engineering disaster may now described. 1922 attempt 
was made provide friction pile foundation for grain silo Durban 
Harbour, Union South cross section the foundation and the 
underlying deposits shown Fig. 20, from which will seen that the 
piles were driven through layer sand into stratum clay about 
thick overlying (at depth below surface) second layer sand. 
Rock, consisting thinly bedded limestones and shales Cretaceous age, was 
found depth ft. Borings showed that the clay was “tough” and 
was decided use foundation material for the piles. Seventeen widely 
spaced test piles were then driven, from which was concluded that working 
load about tons per pile could obtained. These tests were not al- 
together satisfactory since the piles were driven the storage annex site (see 
Fig. 20) when the excavation had reached about only one half its final depth, 
and the piles were therefore more deeply embedded the sand than was 
the case the actual foundation. 

Pile driving was commenced the annex site August, 1921, which 
time the cofferdam sheet piling had been completed, and appears that the 


the Durban Grain Elevator Commission,” Govt. Printers, Cape Town, Union South 
Africa, 1924. 
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sets became progressively worse. The specified set had been in. for ten 
blows but the final average set for the annex piles was 8.6in. This would seem 
result remolding the clay, but contributory cause may also have 
been the excavation for the working house which, December, 1921 (when 
the annex piling was completed), was well advanced. 

that time the sheet piling separating the two excavations was seen 
bulging between the tie bars. This indicates lateral displacement the 
ground, which not surprising since the piles were driven about 4-ft centers 
over the entire area the annex (200 100 plan) and since photographs 
taken the time show that the waling used the separation cofferdam was 
inadequate. 

spite the ominous progressive decrease driving resistance the annex 
raft was cast, and additional ties were provided strengthen the cofferdam. 


Steel Sheet 
Line 
Tie Rod Raft for Storage Annex Water 
250 
2 
100 Rock 


Meanwhile, excavation the working house site continued and February, 
1922, pile driving was begun this area. From the start the sets were worse 
than the specified value, and when the working house piling was completed 
April, 1922, the average set for ten blows being obtained was the order 
may noted from Fig. that these piles are embedded for more 
then half their length the clay, and the most obvious reason for the extremely 
bad set that the clay was suffering progressive loss strength due re- 
molding, especially since the working house pile driving was the only operation 
under way during the period from February April. 

During the next weeks twenty-eight extra piles were driven, and con- 
struction the reinforced concrete structure the annex raft was commenced. 
the middle June, however, the raft had settled about in., and voids 
were discovered beneath it. After discussion was concluded that the working 
house piles were entirely inadequate and was decided sink cylinders 
rock for this foundation and grout beneath the annex raft. 

Unfortunately the cylinders were not driven with sufficient care avoid 
excessive loss ground, and the raft settled many inches, with consequent 
severe cracking. Eventually the entire foundation was abandoned, and en- 
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tirely new foundations were made sinking (with careful control) series 
compressed air cylinders, and diameter, the rock. The loss 
involved the foundations was estimated rather more than £200,000. 

The writer can give the results some laboratory tests the clay since, 
1946, was requested act consultant for the foundations large 
structure which was built distance about one quarter mile from 
the grain silo. 

Borings showed succession strata similar those beneath the grain 
silo, and the clay the new site was not only placed approximately the same 


ConsIsTENcT ConsoLiDATION 
Speci- Densi- 
ater|;. . grav- | per cu e er- 
tent LL—PL <0. pressive | tivity | pres- jidation tr 


Bortne A 
45 | 58 111 28 0.36 MAS — 1,210 3.9 id = 
Borine B 
538 64 113 35 0.37 li 47 42 2.64 99 1,270 oose b On 3.4 | 0.018 | 0.037 
Bortne C 
49 | 65 | 109 | 31 | 0.43 | | | ‘ | 99 | 1,110 | — | 1.6 | 3.3 | as | oso 


Bornes, A to D 


Pounds per square foot. Tons per square foot. Compressibility. Square centimeters per minute. 


elevation but corresponded with the visual description when the 1921 borings 
were being made. tests are summarized Table from 
which will seen that the clay has shear strength about 1,200 per 
its undisturbed strength and sensitivity about 4.0 (Cols. and 
12, Table 3). Typical stress-strain curves are shown Fig. and they are 
characteristic clay moderately high sensitivity. The laboratory tests 
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that the clay lightly overconsolidated. This probably caused 
partial drying subsequent its formation but prior the deposition the 
overlying sand, since one boring the clay was seen oxidized brown 
color the top the stratum. 

conclusion, the writer wishes emphasize again the great value ob- 
servations such those recorded the authors, but feels that experience 


2500 


2.420 Lb per Sq Ft 
| 


Undisturbed 


Deviator Stress, Pounds per Square Foot 


Axial Strain (Percentages) 


Zero UNpRAINED TEsTs) 


such that Durban and, more limited degree, the behavior the 
upper clay Detroit, Mich., indicate that some clays the effect pile 
driving can detrimental. The lower clay Detroit, the other hand, 
shows that this not always the case. More field research required before 
engineers can reasonably certain the border line separating the harm- 
ful from the beneficial effects piling clays. 


James comparative soil strength data related 
the effect driving piles into soft clay are recorded this paper. Qualitative 
information derived the writer from model tests the Soil Mechanics 
Laboratory Princeton University Princeton, J., confirms the authors’ 
conclusion that the original forecast Casagrande, ASCE, 1932, con- 
cerning the detrimental effect pile driving into clays, was extreme, especially 
when other possible sources disturbance are analyzed. However, the thesis 
advanced the authors that soft clay stressed pile driving will not re- 
consolidate and settle under its own weight unduly magnified view the 
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following information, unless settlement observations between piles can 
presented support that thesis. 

result combined field and laboratory study, Gregory Tschebo- 
tarioff, ASCE, advanced hypothesis the effect that the remolding 
caused pile driving was smaller magnitude and more limited extent 


Piles Excavation 
First Test Second Test 


36 in. 


Contour Interval 0.01 In. 


Gelatine Gelatine 


Section A-A 


Fic. 22.—Comparison oF SurFace DisPLACEMENTS 


than was the remolding accompanying the distortions induced heave the 
bottom Model studies gelatine were performed check 
the disturbance produced driving piles into plastic clay compared the 
disturbance caused unbalanced excavation. The model studies con- 
firmed this hypothesis qualitative manner. 
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3-ft 3-ft metal tank, deep, was constructed and filled with gelatine 
for each test after devices were inserted the tank measure displacements 
within the mass gelatine. The comparative study was performed: (1) 
measuring the deformations the gelatine surface and the displacements 
within the mass gelatine when 441 piles, 4.25 in. long and 0.125 in. thick, 
were driven into the gelatine, outward from the center the gelatine surface 
spiral sequence; and (2) taking measurements the same locations when 
excavation was simulated the same area which the piles were confined. 
All displacements were measured accuracies 0.001 in. relation rigid 
frame. Mechanical extensometers were adjusted micrometer serew until 
contact with ultrathin metallic plates the surface was signaled the glow 
neon light. Within the mass gelatine thin metal disks were connected 
light metal rods, which extended through openings the walls and bottom 


Driving sequence | 
First Test; Piles ees Second Test; Excavation 


Gelatine Gelatine 


Scales ; in Inches 
(Tank) 


(Displacements) 


the tank. These rods were incased vaseline-filled glass tubes which were 
extracted after the gelatine had set. Horizontal displacements were measured 
only along the north-south axis the tank (Fig. 22), and comparison with the 
displacements along the east-west axis the tank indicated that these devices 
did not seem restrain any appreciable extent the freedom gelatine dis- 
placements the vertical direction. The strength characteristics the 
gelatine were the same for both tests. 

The results both tests are compared graphically Figs. and 23. The 
heave between piles reported the authors synonymous with the results 
this model test. Furthermore, Fig. shows that, large number piles 
driven, the gelatine stressed for appreciable distance surrounding the 
volume occupied the pile group. 

Since the authors report that the pile driving reduced the compressive 
strength the clay slightly more than half the maximum possible reduction, 
the writer contends that this weakening the soil structure will prevalent 
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throughout the zone clay stressed pile driving, indicated Fig. 23, 
and that this clay will consolidate under its own weight. Such consolidation 
would not detrimental the structure described the authors; but, 
cases where the soil between piles utilized for the support floor and 
curtain walls, the authors’ hypothesis concerning the process consolidation 
initiated the degree disturbance reported the paper cause settle- 
ment the ground surface should accepted with reservations until more 
certain evidence presented substantiate their speculative assumption. 
Mr. Tschebotarioff has reported consolidation glacial clay deposit which 
was injurious floor and partitions the basement building which was 
founded long steel piles driven firm stratum. 

For the present moderate theory concerning the increase compressibility 
which some clays undergo when structurally weakened should fit the category 
midway between the extremes Mr. Casagrande’s original assumption and 
the hypothesis advanced the authors. 


interest the practicing engineer and far too little known about it. 

composite vertical section through the piles and subsoil shown Fig. 
This section based the results six borings made various locations 
the site, which indicated that the soil was uniform its properties horizontal 
directions over the entire area investigated. view the very small varia- 
tions moisture content upon which the conclusions the authors were based, 
the writer feels that the details the six borings might well have been included 
indicate the variation natural moisture content horizontal direction 
throughout the area. 

After pile driving had been completed additional borings were put down. 
These additional borings consisted one boring next pile and one boring 
the center pile group about weeks after driving. This cycle was repeated 
about months after driving. effect then, the original boring and these 
four additional borings, combine form one set results which show the varia- 
tion moisture content with time and with distance from pile. The writer 
feels that the conclusions drawn this paper are important that additional 
sets results would have been great value. Could these additional sets 
results have been augmented with the extra borings suggested subsequently 
this discussion, the data presented might have had even greater value. 

Basically the paper undertakes show that pile driving the material 
investigated does not cause such complete and deleterious remolding has been 
assumed since the publication paper ASCE, 1932. 
Consequently, the disturbing effect pile driving this material would not 
detrimental and therefore would not cause harmful settlement the surface. 

The authors point out that, spite Mr. Casagrande’s warning that his 
tentative conclusions should not accepted without large-scale field research 
back them up, these tentative conclusions have been widely accepted. The 
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conclusion with which the authors mainly disagree that the clay immediately 
surrounding pile would completely remolded distance one half the 
diameter the pile, and that would disturbed sufficiently cause large 
increase compressibility distance one and half diameters. 

From the results produced the authors seems clear that this not the 
ease for the material discussed. fact, the evidence produced shows only 
partial remolding adjacent the pile and practically effect the center 
the pilegroup. Since this result was also found Housel, ASCE, and 
working the same area, seems logical accept the con- 
clusion that driving piles into the material under discussion would not have the 
detrimental effects that could forecast the basis the work reported 
Mr. Casagrande. 

seems clear, then, that there great need for more research into the 
effect remolding. What appears particularly needed some tie-up 
between the sensitivity ratio expressed the ratio between the unconfined 
compression test undisturbed and remolded samples, the Atterburg limits, 
the natural moisture content, and the change void ratio with pressure for 
undisturbed and remolded conditions. 

Tentative examination results available various papers seems indi- 
cate the possibility some kind correlation between sensitivity remolding 
and the Atterburg limits where the natural moisture content below the liquid 
limit. clay with low liquid limit and low plasticity index generally 
appears less sensitive than one with higher limits, assumption does 
not appear unreasonable when considering Mr. Casagrande’s suggested 
explanation the cause 

Mr. Casagrande also suggests that soil with simple honeycomb structure 
will show smaller difference compressibility between the undisturbed and 
remolded states than one with the complex structure described his paper, and 
that the larger the plasticity index, the more compressible the soil. Frank 
Marston, ASCE, has also pointed out that certain clays appear have 
form structure permitting high void ratio yet offering considerable resis- 
tance change When the structure broken down, the water 
the larger voids released and the once stiff clay becomes soft and plastic. 
Accepting Mr. Casagrande’s explanation the cause this behavior leads 
the hypothesis that essentially colloidal phenomenon. This may then 
indicate that measure the colloidal clay content might measure 
clay’s sensitivity remolding. also appears possible that low colloidal clay 
content would lead low liquid limit and, hence, low plastic limit which 
could then correlated with sensitivity. 

All the examples found have with clays having natural moisture 
content close to, but below, the liquid limit. Durban, Union South Africa, 
there clay that has liquid limit between and and natural moist- 
ure content generally slightly above the liquid limit. This clay has rather 
low sensitivity ratio based the unconfined compression test but very 
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much more compressible when remolded than when the natural state, 
There possibility, therefore, that the criteria for sensitivity may have 
correlated with the natural moisture content and its relation the liquid 

regards the Durban clay, some years ago serious failure occurred 
grain elevator erected this clay. Although possible cause for this failure 
could the remolding effect pile driving, this has not yet been definitely 
established. the near future, however, the intention conduct com- 
plete investigation and hoped that this will lead more information the 
relation between disturbed and undisturbed samples. 

The writer feels that there not sufficient evidence 
sion the authors that the water must have migrated horizontally from the 
disturbed zone near the pile the much larger mass relatively undisturbed 
clay between the piles. Fig. 9(a) curves are given for the original moisture 
content, the moisture content about weeks after driving, and about months 
after driving. 

Using the average values quoted, can seen that during the first weeks 
the moisture content dropped 1.9% whereas months later had only 
dropped further 0.8%. Although this does show progressive decrease 
moisture content with time, would have been interest have obtained 
several intermediate readings see when most the change took place, 
have obtained curve change moisture content with time, and have 
found out how much the change moisture content was result the actual 
pile driving and how much was result the consolidation caused driving. 
This information might well have been supplemented with void ratio versus 
load curves for the undisturbed and remolded states. 

The writer cannot agree entirely with the finding that the water did not flow 
upward through the clay mass. Examination the curve for boring P-11 
Fig. 9(a) can interpreted indicate perceptible decrease moisture con- 
tent (of 22.2% 21.4%) from the lower layers upward. The variations 
moisture contents are too small, however, warrant any definite conclusions 
and the writer hesitates suggest that the evidence indicates definite upward 
flow moisture. 

The authors suggest that the water must then have migrated horizontally; 
but this too not generally borne out the results. slight indication this 
trend seen Fig. 9(c) where, below El. 530, boring C-11 appears 
slightly higher moisture content than boring C-1; but this does not appear 
general characteristic. Even though the slight heaving the ground during 
driving may have caused very slight swelling the undisturbed clay, which 
would have been sufficient take the reduction moisture content the 
clay next the pile, borings might have disclosed this fact and series 
borings from the center pile group toward the piles soon after driving might 
have given valuable additional data. 

summary, then, the writer feels that, although the evidence presented 
the paper supports the conclusions drawn, the evidence not sufficiently clear 
cut obviate any argument. Additional information along the lines indicated 
herein may well have served clarify the position and is‘regretted that more 
borings were not made. 
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through unconsolidated soft deposits one the most troublesome engi- 
neering problems, particularly along the west coast the United States. The 
question whether the pile driving itself may artificially convert con- 
solidated clay into nonconsolidated clay and hence cause drag the piles 
with subsequent settlement the structure vital interest. Hence the 
publication the present paper timely; and, although end bearing piles are 
considered, all conclusions the paper the remolding the clay 
the piles are valid the case friction piles well. 

Support Friction well-known fact that, when pile driven 
through clay pulled out, there generally some clay suggests that the 
adhesion the clay the pile greater than the shearing strength the 
clay material. Thus, may safely admitted that friction pile state 
equilibrium kept place the vertical component the shearing force 
acting along the surface the pile its final position. The maximum this 
component, the bearing capacity friction pile, corresponds the stage 
which the average shearing stress the surface the pile equals the average 
shearing strength the surrounding clay material (case limit equilibrium). 
This condition equality the average shearing stress and the average 
shearing strength along failure surface the stage limit equilibrium 
generally accepted assumption and such will used this discussion. 

Stability the Experimental writer uses the term “experimental 
piles” designate the piles shown Fig. Consider the limit equilibrium 
these piles months after the pile driving, when the average shearing 
strength the clay between El. 550 and El. 525 was roughly one half the 
unconfined compressive strength (0.75 ton per ft). Assume that this 
value may applied the shearing strength the soil material below 
550 (in other words, assume that sand and gravel are replaced weaker 
clay). The average circumference pile about 3.3 and the length 
pile below El. 550 about ft. Therefore, the bearing capacity ex- 
perimental pile, neglecting the support the remolded clay above El. 550 and 
the bearing the hardpan, would 0.75 3.3 60= tons. Cer- 
tainly difficult believe that this pile may settle under ordinary loading 
after the final shearing strength acquired the clay; and may 
that the age months the experimental piles were substantially sup- 
ported the lower part the clay deposit (below El. 550), and that all 
probability very little pressure reached the hardpan (see Fig. 2). 

Increase the Bearing Power the Experimental Piles Due the Pouring 
unconfined compressive strength, and hence the shearing 
strength the lower part the clay deposit (below El. 550), did not change 
very much after pile driving (boring P-1, Fig. but increased considerably 
(boring P-11, Fig. after the footing was poured (between and 11- 
month borings, Fig. 2). Thus, the increase shearing strength the 
clay, between and borings, apparently result the 
application the load the pile—that is, result the increase normal 
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stress the mass. Obviously, the shearing strength (boring P-11, 
increased gradually, and immediately after pouring concrete the load was 
taken the pore pressure thus causing hydrostatic excess next the pile 
and flow moisture away from it. 


Tan 


Fic. 24.—DraGrammatic CoMPARISON OF THE LOADS CARRIED BY A 
Friction Pire at Dirrerent Deprus 


Remolding the Upper Part the Clay upper part the clay 
deposit certainly was remolded, and the application the from the footing 
did not increase its shearing resistance appreciably—because much the 
material was squeezed from the upper part the clay deposit during the pile 
driving, and there was not sufficient material compacted. the lower 
part the deposit, however, because the higher shearing resistance the 
material and its deep location, there was sufficient confined clay strongly 
compacted, with corresponding increase shearing strength. 

Graphic Representation the Bearing Power Friction June, 1948, 
LeRoy Crandall, Assoc. ASCE, reported the results measurement 
the bearing capacity Raymond concrete pile, cast place corru- 
gated steel shell, Los Angeles, the center the pile there was 
steel pipe with electric strain gages fixed its surface. From the 
strains measured different elevations and for different loads (and using 
the moduli elasticity the materials), the load carried the pile was 
computed and represented graphically the form family curves, each 
curve corresponding toaload. Fig. represents similar curve simplified 
and idealized form. This curve may analyzed follows: Let equal the 
total load carried the friction pile; its diameter; and the depth mea- 
sured from the top the pile, the total length the pile being z,. Then the 
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unit friction (or shearing resistance the soil given point) 


obvious that the derivative tangent the angle made the 


tangent the curve given point with the vertical. the shearing re- 
sistance constant along the entire length the pile, the curve question 
would the straight line making angle with the vertical. 


this case, 


the points where the tangent the curve parallel line (points 
and the shearing resistance the material 


Finally, the minimum corresponds the inflection point the 
curve; thus: 


Fig. 24, sum the cross-hatched areas and equal area III. 
Figs. and represent such curves for the experimental piles between El. 
565 and El. 525. Fig. corresponds the time before pile driving and Fig. 
time months after pile driving. both cases the experimental piles 
have been considered friction piles. With the pile unit the influence the 
remolding this case insignificant; but Fig. should clearly show that the 
upper part the clay deposit (above El. 550) contributed only slightly the 
stability the pile. 

reduce numerical computations, Figs. and 26(a) have been 
prepared the basis simplified unconfined compressive strength diagrams. 
interesting notice from the diagrams Fig. that, apparently the 
top each the two parts the clay deposit under consideration (the upper 
and the lower), there was crust about ft, the case Chicago 
Boston clays. 

Flow earth mass moves under the influence 
some difference potentials—in this particular case, pore pressure difference. 
The flow problem this case quite analogous that the motion 
water drop oblique plane. The movement the latter case occurs 
along the direction the maximum slope, and the former along the direction 
the maximum hydraulic gradient offered the moisture given point. 
the extreme upper part the clay deposit moisture probably moved verti- 
cally, whereas deeper strata lateral motion from pile (zone large pore 
pressure) the center the cluster toward the outside (zone smaller pore 
pressure) was both possibility and probability. 
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Conclusions.—In this paper two different clay materials are considered— 
the upper and the lower parts the clay deposit. The ratio their thicknesses 
and their relative position made any considerable settlement impossible, 

Compressive Strength 


in Tons per Sq Ft Bearing Capacity, in Tons 


Elevations 


Fic. 25.—Loap Taat Woutp Be Supporrep BY THE “EXPERIMENTAL PILEs” 
Between Et. 565 anp Eu. 525 Ir toe Cray Were Not REMOLDED 


Compressive Strength 
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although there was probably some insignificant consolidation the upper 
part. the total soil deposit consisted exclusively the material the upper 
part, there would have been remolding and consolidation clay combined 
with settlement. However, the total soil deposit consisted exclusively 
the material the lower part the deposit, probably there would have been 
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practically settlement, except perhaps brief period after pouring the 
footing. 

reader concludes from this paper that general case pile driving 
clay may may not cause consolidation and settlement, according the 
properties the clay. This conclusion does not contradict the opinion 
Casagrande, ASCE. Nevertheless, the paper has destroyed forever the 
prejudice, very common among engineers, that the clay always loses much 
strength points adjacent the pile. demonstrated the paper, this 
loss strength may may not occur. 

The paper would have furnished more topics for thinking the water 
content the upper part the deposit (Fig. 9), and especially the void ratios 
the material through the deposit before and after pile driving, were known 
the reader. However, valuable contribution the knowledge clay 
properties, and the authors are commended for their fine work. 


ASCE.—So many questions with regard piles 
and pile driving remain unanswered that this paper most welcome addition 
the literature foundation engineering. The authors are congratu- 
lated their initiative arranging such useful field tests and presenting 
their findings concisely and clearly. The excellence the presentation leaves 
the impression that the conclusions are logical and well founded. This was the 
writer’s feeling after first the paper. Several subsequent re- 
readings, and discussion the paper with colleagues, however, have raised 
such important questions that seems only right place these record. The 
closing discussion should further enhance the value the paper and may point 
the way for other investigators develop still further the work which the 
authors have well pioneered. 

Possibly the most important comment made that all the conclusions 
the authors are based the interpretation results from only one set 
samples for each condition under review (that is, the and positions, month 
and months after driving). this particular case, the lack symmetry 
the layout the piles, the known variations pile driving operations, and the 
fact that the problem one soil mechanics combine make the absence 
duplicate set bore holes unusually unfortunate. Knowing the care with 
which the sampling and testing must have been done, the writer would expect 
that duplicate samples would confirm the results obtained. view the 
importance the results, however, such confirmation would have been very 
valuable particularly since all conclusions are based the assumed accuracy 
bore hole typical the local soil conditions. 

One interesting omission from the paper any reference the actual move- 
ment soil which must accompany pile driving, with the exception the 
statement (under the heading, that the ground surface 
between the piles heaved about during the driving operations.” simple 
computation will show that this amount heave accounts for about one half 
the volume soil actually displaced the pile shells, allowing for gradual 
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tapering off the heave outside the outer row piles. consequence, some 
lateral flow the clay, some sudden escape water, must have taken place. 
The direction, nature, and magnitude this action would dependent the 
order which the piles were driven. Such information not given the paper 
the authors consider that the order pile driving significance relation 
their studies? Would they relate their answer, whether positive negative, 
the lateral displacement soil the release water during driving? 

The moisture contents the clay recorded the authors are singularly 
interesting. (Detailed study, however, hindered the fact that the values 
for samples from hole are plotted differently Figs. and 9(b).) The 
authors state (under the heading, that trend can 
discerned the values the water content the soil the center 
surrounding group piles *.” The data plotted Fig. 9(6) seem show 
some slight reduction the soil moisture content after driving, thus emphasiz- 
ing how valuable duplicate set records would be. Possibly the authors 
have more extensive records than those plotted, which their comment was 
based. 

The authors state (under the heading, “Interpretation Results’’) that 
the water migrated horizontally from the disturbed zone near the pile 
the much larger mass relatively undisturbed clay between the piles.” 
this conclusion correct, should possible correlate the rate flow 
presented the authors’ records with the consolidation characteristics 
the blue clay, since all the relevant factors are available. Have the authors 
investigated this correlation? would more than interesting know 
such investigation confirms what the authors regard the only explanation 
the water loss. 

The first borings taken after the pile driving are stated the authors 
(under the heading, have been put down weeks after the 
piles were driven. view the common experiences when piles are “set up” 
within relatively few hours after having been driven, one forced the 
conclusion that soil moisture contents taken weeks after driving not 
complete picture the soil disturbance question. The explana- 
tion that water released the sudden disturbance displace- 
ment clay soil, during driving, and that tends lubricate the pile long 
driving continues. Subsequent readjustment the disturbed clay, within 
the first day two after driving, explains the usual difficulty encountered 
redriving must attempted. 

explanations are often wrong but the writer has been able 
observe the accuracy this particular explanation several locations. Fig. 
shows some creosoted timber piles that were driven into hard Leda clay 
remote location the north shore the Gulf Saint Lawrence, Canada. 
Because tidal conditions, was possible observe, periods low spring 
tides, the action pile driving the clay. Fig. shows, clearly, how the 
ground heaved around the piles. The heaving around the pile the right 
typical all that observed, the lumps clay around the center pile having 
been caused driving small boulder buried just below the surface. 
almost all cases, such the case the pile the right, addition the 
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ground heaving distance about from the pile, clay was squeezed up, 
the form soft cream, around the pile annular ring not more than 
lin. wide. The clay very stiff its natural state that this case, least, 
much the water escaped vertically, explanation which the authors discard 
the case they studied. Since the piles described the paper were driven 
dry land, may that the authors were able watch the surface around the 
pile casings during driving; would interesting know this procedure were 
followed and, what observations were made. Can the authors state 
explicitly that water, softened clay, escaped the surface? 


Accurate moisture contents are essential part the investigation 
described that one forced question the statement (under the heading, 
“Method Sampling and the effect that large part the 
remolded sample was then used for the determination the natural water 
content view this procedure, and the common laboratory 
experience with changing moisture contents, even when clays are handled 
humid rooms, can this procedure regarded perfectly satisfactory? 
further detail the possibility change moisture content between the two 
sides the samples. Since these samples were taken very close the 
pile shells, conceivable that change moisture content might have been 
observed between the sides the samples adjacent the casings and those 
opposite. Was any such difference observed? 

Finally, the authors conclude stating that their investigation 

does not warrant the conclusion that disturbance due driving 


piles into soft clay source detrimental decrease the strength these 
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This statement literally correct, course, but almost inevitable that, 
combination with the general title the paper, this conclusion will tend 
applied clays other than those from the Detroit (Mich.) area. Other studies 
may show similar results for other clay soils but until they do, and until some 
confirmation the authors’ results—even for the Detroit clay—has been 
obtained, would seem advisable for the authors very much more specific 
the defining the rigid limitation their conclusions. all his experience, 
the writer has never encountered clay soil with its natural moisture content 
symmetrically fixed between its plastic and liquid limits. Many Canadian clays 
have natural moisture contents close to, not exceeding, the liquid limit. The 
almost character the Detroit clay may possibly account for the 
findings the authors and, true, this fact would tend limit the 
applicability the conclusions. However, would way minimize the 
value the findings the paper which the writer would pay full tribute. 
The very questions raised this discussion show clearly the stimulation 
critical thinking about the problem” provided this most interesting and 
valuable paper. 


Factual data, subject that has long been controversial, are contained 
this paper; and the authors are commended for initiating type in- 
vestigation that, conducted systematically various types clay, will 
furnish much needed information. 

The investigation reported was made the site structure supported 
point-bearing piles driven through clay low plasticity and slight sen- 
sitivity, hardpan. Under these conditions difficult conceive detri- 
mental effects caused pile driving. The writers’ interpretation the data 
differs from that presented the authors. 

Effect Disturbance Consolidation and Strength Characteristics 
well established that structural disturbance mass undisturbed, 
sedimentary clay changes its consolidation characteristics. This illustrated 
Fig. 28. Typical void ratio-pressure curves and corresponding shear 
strength-pressure curves for sensitive clay undisturbed, badly disturbed, 
and laboratory remolded states are shown Fig. 28(a). 

Driving piles into fully saturated clay, without pre-excavation, causes 
the total foundation volume increase the volume the piles. addi- 
tion, the following effects will result clay having sensitive structure: 


(1) least portion the clay badly disturbed unchanged water 
content, This means that the effective stress the clay moves from point 
point Fig. this condition the clay only partly consolidated 
under its own weight. 

(2) The shear strength correspondingly reduced from point point 
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(3) The badly disturbed clay immediately begins reconsolidate under its 
own weight and would reach full consolidation point However, part 
the weight the overlying clay supported negative skin friction, be- 
tween the piles and the clay, the consolidation would stop intermediate 
point corresponding full consolidation under the decreased load. (The 
term “negative skin friction” was first introduced Karl Hon. 
ASCE, 1935.) 


Undisturbed Undisturbed 
Laboratory 
a 
~ 
(a) MEDIUM-SENSITIVE CLAY CLAY 


Fie. 28.—Lasporatory Trsts Errect or DisturBANCE ON CONSOLIDATION 


(4) The shear strengths corresponding points and are shown graphi- 
cally points and respectively. should noted that the disturbed 
clay, after 100% consolidation under its own weight, has higher shear strength 
than the original undisturbed clay. 


The same relationships for nonsensitive clay are shown Fig. from 
which can seen that even complete laboratory remolding would have little 
effect either the strength the consolidation characteristics such 
material. 

was from analysis such laboratory test curves that 
ASCE, 1932, warned that increased settlements may result from driving 
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friction piles, closely spaced, into sensitive clay. His conclusion applied only 
the case floating, friction, piles, and the writers question the ap- 
plicability the following statement the authors (under the heading, 


“The preceding information indicates that the driving piles the 
site where the investigation was made did not have the detrimental effects 
which were forecast the basis soil tests undisturbed and remolded 
samples and the theory consolidation applied Mr. Casagrande.” 


This statement could easily misunderstood reader mean that Mr. 
Casagrande had forecast detrimental effects for point-bearing piles driven 
through nonsensitive clay under conditions similar those the particular 
project for which the authors have conducted their investigation. The writers 
maintain that such “forecast” could not made the basis Mr. Casa- 
grande’s paper. order bring out differences between the two cases, the 


writers propose discuss the four distinct types pile foundations illustrated 
Fig. 29. 


Case Point-Bearing Piles Driven Through Nonsensitive Clay.—In this 
case, the ground surface will heave simultaneously with driving, the volume 
this heave being equal the volume displaced the piles. The clay being 
nonsensitive, there will little tendency for reconsolidation, and 
negligible settlement the ground surface will occur even the clay badly 
disturbed the pile driving operation. 

Case II. Point-Bearing Piles Driven Through Sensitive Clay.—As case 
the ground surface will heave simultaneously with driving, but the disturbed 
clay will immediately start reconsolidate under its own weight. The con- 
solidation continues until sufficient friction has developed carry the weight 
the clay between the piles negative skin friction. The final elevation 


the ground surface will depend the sensitivity the clay, the degree 


disturbance, the diameter the piles, and their spacing. The more sensitive 
the clay, the greater will the volume water lost result complete 
reconsolidation under the existing overburden. Although with increased pile 
spacing the disturbance less, the percentage the soil weight between the 
piles that can carried negative skin friction also reduced. Therefore, 
the greater the pile spacing the greater will the effective load under which 
the disturbed clay must reconsolidate. The writers’ experience indicates that 
even extreme cases due consolidation are less than the 
heave that had resulted from the volume displacement the piles. Hence, 
net heave expected any case. 

cases and detrimental effects can result, unless case the soil 
between the piles supporting part the structure, the piles are designed 
with low factor safety that they settle fail under the additional load 
the weight some the soil between the piles. 

Case III. Friction Piles Driven Into Nonsensitive Clay.—As case the 
ground surface will heave simultaneously with driving and the volume heave 
will equal the volume displaced the piles. When the load applied, 
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the piles and the ground surface will settle together because the consolidation 
the lower part the clay stratum under the additional load the structure. 

Case IV. Friction Piles Driven Into Sensitive case II, the 
ground surface will heave simultaneously with driving and the disturbed clay 


Ground surface after driving 
,Ground surface after driving and full consolidation 


\ Original ground surface, Origina! ground Teno 


Sensitive 
clay 


Hard stratum Hard stratum 
Volume of heave = volume Volume of heave = volume displaced by piles 
displaced by piles minus volume of water lost during consolidation 
Case Case 
Point-bearing Piles Driven Point-bearing Piles Driven 
Through Nonsensitive Clay Through Sensitive Clay 


Ground surface immediately after driving 


Ground surface after load has been placed 
on piles and clay is fully consolidated 


surface after driving 
Original ground surface Original ground surface 


Nonsensitive Sensitive 
clay clay 
\ 3 
Volume heave volume heave Position piles 
displaced piles displaced after load has been 
piles minus volume applied and clay is 
water lost fully consolidated 
consolidation 
Case Case IV. 
Friction Piles Nonsensitive Clay Friction Piles Sensitive Clay 


will begin reconsolidate under its own weight. However, the skin friction 
will soon build value which will enable carry the weight the clay 
between the piles negative skin friction. case this condition will 
develop only slong the upper part the pile, whereas along its lower part 
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this clay load will transferred into the adjacent clay means positive 
skin friction. Eventually condition equilibrium will established such 
that the upper part the clay will carry only small part its own weight. 
this condition, the piles are loaded, the load will transmitted skin 
friction into the clay along the lower part the piles, which then must start 
new cycle consolidation. the skin friction along the lower part the 
piles not sufficient carry the new load, plus the clay load, the piles would 
actually fail slipping. Otherwise, all clay between the piles will develop 
additional consolidation which will produce settlements the piles. addi- 
tion, the clay stratum underlying the points the piles will consolidate under 
the net increase load. 

case III one should expect that the settlements would not larger, and 
often smaller, than the structure had been supported spread footings. 
case IV, however, the settlements very sensitive clay may well con- 
siderably larger than piles had been used. 


Experiences Driving Piles Into Boston Blue foundation the 
new John Hancock Boston, Mass., example case II, 
Fig. 29. The soil conditions the site are follows: sand and gravel 
hardpan, and then bedrock. The organic clay known locally Charles 
River silt and, with liquid limit about 50, has physical properties compar- 
able those very soft clay. The soft clay typical Boston Blue clay 
with medium sensitivity. The foundation consisted 14-in., H-piles, 
with average spacing about ft, driven from slightly above the surface 
the organic clay bedrock. Steel H-piles, rather than full displacement 
type pile, were used this project specifically reduce minimum all 
undesirable effects. full displacement piles had been used, adjacent 
building would first have been subjected sharp differential heaving and later 
settlements that would have certainly caused structural damage the 
adjacent section the building. follower was used drive each pile the 
last ft. The first excavation preceded pile driving, whereas the 
remaining followed pile driving. 

record the vertical movement the surface the foundation clay 
the middle the site shown Fig. 30, together with cumulative record 
pile driving operations. The parabolic curve the estimated heave due 

the time the second stage excavation began approximately 80% 
the piles had been driven. With full displacement, this corresponds com- 
puted heave about in., whereas the observed heave attributed pile 
driving amounted only about The main reason for this difference 
believed the consolidation the clay caused the disturbance the 
clay structure during pile driving. This indicated the settlement 
the observation points (see Fig. 30) from August August when the 
driving operations were suspended, which time piles had been driven 


Pile Foundation for the New Building Boston,” Casagrande, Journal, 
Boston Soc. of Civ. Engre., Ostober, 1947, p. 29 
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closer than from the observation points. Whereas one should have 
pected, during this period observe only the slight heave from the swelling 
the clay caused the unloading, the points actually settled. From this 
unexpected observation concluded that even the small displacement and 
small strains caused driving steel H-piles into sensitive clay cause addi- 
tional consolidation. 

this conclusion correct, would follow that little swelling pressure 
would develop against the bottom the foundation slab. date (August, 
1949), the observed soil pressures beneath the foundation slab have ranged 
between zero and about per in., confirming this conclusion. 

The New England Mutual (NEM) Boston the vicinity 
the John Hancock (JH) Building, has similar soil conditions but supported 
floating foundation without piles. The settlements the adjacent streets 
during construction the NEM building were neglibible, whereas those 
adjacent the building were large. Most these settlements 
after pile driving and before installation internal bracing. believed 
that they are chiefly due disturbance the organic clay, caused pile 
driving, and, some degree, disturbance the soft clay. 

his discussion the Casagrande Mohr, ASCE, described 
another point-bearing pile foundation the Boston Blue clay where the clay 
suffered large disturbances although all pile holes were partly pre-excavated 
with auger in. diameter. The foundation consisted pre-cast con- 
crete piles in. square, driven 3-ft centers. Because the close spacing 
was decided auger every other hole, piles, and then repeat 
the procedure the intermediate holes. trouble was encountered the 
augering operation until after the first group piles had been driven; but, 
immediately after driving this group piles, augering holes, even 
considerable distance from the driven piles, and removal material from the 
auger, became extremely difficult. 

Disturbance Clay During Construction Chicago 
teresting observations the settlements caused disturbance the clay 
structure the construction the Chicago subway have been published 
Mr. who stated: “The tunnel lining surrounded layer 
completely remolded clay, several feet thick.” This badly disturbed clay 
has caused substantial street settlements. 

Overloading Piles Resulting from Disturbance Sensitive 
additional soil load which point-bearing piles are called upon carry, 
result reconsolidation, may become critical for long slender piles driven 
through sensitive clay. extreme example this situation Mexico 
City (Mexico), where the foundation soil extremely sensitive and com- 
pressible bentonitic clay. Point-bearing piles are often driven through this 
clay sand layer depth about 100 ft. result general lowering 
the piezometer surface the clay because pumping from lower strata, the 
clay consolidating, causing continual subsidence the ground surface. 


Soil Mechanics Designing Building Foundations,” Casagrande and 
Fadum, Transactions, ASCE, Vol. 109, 1944, pp. 383-490. 


Tunnels the Chicago Subway,” Karl Terzaghi, Journal, Boston Soc. Civ. Engrs., 
July, 1942, pp. 163-210. 
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connection with foundation project Mexico City, tests 
were performed determine negative skin friction would develop 
magnitude sufficient carry the load the clay, and also determine the 
rate which would develop. The clay the site the test volcanic 
origin. had liquid limit about 400, plastic limit about 100, and 
natural water content slightly below the liquid limit (void ratio about 
8.0). The unconfined compressive strength undisturbed samples this clay 
was about 0.3 ton per ft. 

The test piles, groups four, 3-ft centers, drove very easily, showing 
only slight increase resistance with increasing depth. The results pulling 
tests showed that, only hours after driving, the shearing force required 
break the piles loose was least 0.15 ton per ft, which the same order 
magnitude the shear strength the undisturbed clay. This shearing 
strength more than ample, normal pile diameter and spacing, carry the 
entire weight the clay between the piles. Furthermore, the shearing 
strength the reconsolidated clay, after the piles were broken loose, was found 
least one half its maximum value, contrast the negligible shear 
strength the clay when freshly remolded. 

These tests explain why the ground surface does not subside between piles, 
even though the ground surface the immediate vicinity structure 
subsiding. However, overloading the piles may develop even the clay 
between the piles not the least disturbed except for few inches surrounding 
the piles. conceivable that under these conditions long, slender piles 
could actually fail the course time. 

Disturbance Clay Detroit (Mich.) Investigation—The clay described 
the authors falls somewhere between cases and (Fig. 29). view the 
preceding discussion apparent that detrimental effects could possibly 
providing the piles are strong withstand the additional 
load the clay between the piles well the structure. 

Clay with liquid limit about 30, plastic limit about 19, and natural 
water content midway between these two values, together with the modest 
overburden, indicates two possibilities: (1) The clay well overconsolidated, 
probably drying; (2) The clay has relatively little sensitivity remolding. 
either case one would expect that pile driving would have little effect 
increasing the settlements from disturbance the clay. Some settlement 
must have occurred due reconsolidation disturbed clay evidenced 
the fact that computed heave corresponding full displacement about ft, 
whereas measured heave was only about ft. 

The authors state, under the heading, 


“In the homogeneous clay layer constituting the lower part the deposit 
the effect pile driving appears have been negligible. There 
essential difference between the average compressive strength the soil 
before and after pile 


This statement refers the strengths obtained from boring P-1, taken 
month after pile driving. From Fig. obvious that the water content 
decreased appreciably during this period, and the writers have computed that 
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more than 50% the reconsolidation had already taken place. This would 
correspond approximately points and Fig. During the 
following months, the clay further consolidated some point between 
and resulting even higher shear strength than that the original 
undisturbed material. 

Under the heading, Results,” the authors state: 


“Since the water appears have migrated exclusively horizontal 
direction, the process consolidation initiated driving friction piles 
into the clay would not ordinarily result settlement.” 


The direction the flow will depend largely the relative permeabilities 
vertically and horizontally, but this has effect the ultimate settlement. 
Probably the excess water resulting from disturbance the clay structure will 
first drain away from the vicinity the pile horizontal direction (unless the 
pile itself permits drainage). This lateral drainage may well cause slight swell- 
ing the immediately surrounding mass clay. However, eventually the 
excess water must drained off enable the grain structure carry the 
loads, and this drainage must result settlements, unless the piles are essen- 
tially point-bearing piles. Mr. discussing skin friction 
floating piles, stated: 


“Unless the piles themselves facilitate the drainage, the consolidation will 
proceed from the surface downward, that the shearing resistance the 
clay, and therefore the skin friction along the upper portion the piles, will 
increase before similar increase can take place along the lower section 
the piles.” 


contrast this, the reported results indicate that, this case, the 
reconsolidation the badly disturbed clay surrounding the pile proceeded 
the same rate along the entire length the pile. However, since the excess 
water must eventually find its way the surface, more pervious stratum, 
and since the escape this water that causes the settlements, the writers 
disagree with the statement the that: 


“The assumption that the settlement would proceed result vertical 
migration the water out the clay, which formed the basis the Casa- 
grande settlement forecast, not agreement with the observations made 
the 


this connection should noted that the early nineteen thirties 
was still generally assumed that drainage during consolidation developed mainly 
vertical direction. The original, one-dimensional theory consolidation 
Mr. Terzaghi includes this one the basic assumptions. Experience has 
since shown that lateral drainage many cases more important than vertical 
drainage. That applies particularly settlements buildings having 
width the same order magnitude the thickness the clay layers. 
water can drain horizontally more readily than vertically, will speed the 


consolidation process, but will course have influence the final value 
the settlements. 


% “The Structure of Clay and Its Importance in Foundation Engineering,” by A. Casagrande, Journal, 
Boston Soc. Civ. Engrs., April, 1932, 187. 
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Comparison settlements under relatively small loaded area with those 
under large area, with identical foundation conditions and loads, was afforded 
connection with settlement analyses the Logan Boston. 
These observations proved conclusively that, under area comparable size 
average building, consolidation proceeded much faster than when 
similar load was distributed over very large area. 

writers believe that experience date, including that 
reported the authors, indicates that pile driving sensitive, sedimentary 
clay will badly disturb the clay immediately surrounding the pile and that even 
considerable distance from the piles, where the strain due deformation 
quite small, there can sufficient disturbance the clay structure cause 
additional settlements. 

1932 Mr. Casagrande visualized that large distortions are required 
disturb clay structures sufficiently cause additional settlements. Evidence 
which has accumulated since shows that even minor strains may cause sufficient 
disturbance some sensitive, sedimentary clays result additional 


settlements. Thus, the effects disturbance are some cases more serious 


than one would justified assume the basis the Casagrande 
Certainly, conclusion that the effects disturbance are small import and 
perhaps entirely nonexistent, implied the authors, not warranted either 
the basis their investigation, the light other available evidence. 

Additional investigations are required determine the limits the zone 
disturbance. The writers not believe that the authors’ investigation 
warrants the conclusion that the region disturbance limited 
zone within few inches the pile *.” Until more data are available, 
designers would well make conservative assumptions regarding the 
possible effects this disturbance pile foundations sensitive, sedimentary 
clay. 

With this investigation the authors have pioneered new, but long over- 
due branch foundation investigation. hoped that this work will 
followed similar tests more sensitive clays greater plasticity. such 
investigations would well also include both consolidation tests and pore 
pressure measurements the clay before and after driving the piles (perhaps 
the piezometers could built into the sides the piles) furnish additional 
information the amount disturbance and the additional consolidation 
that taking place the clay between the piles. 


ASCE.—Interesting information has been made available this paper, al- 
though the writers are not agreement with the conclusions derived from the 
data. They believe that the situation would have been entirely different had 
the piles not penetrated the uniform soft clay bed into the underlying sand 
and gravel. 


Pore Pressure and Settlement Observations Logan International Airport,” 


Gould, thesis presented Harvard Univ., Cambridge, Mass., 1949, partial fulfilment the require- 
ments for the degree Doctor Science. 


Partner, Moran, Proctor, Freeman Mueser, New York, 
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ASCE, provided the profession with sound explana- 
tion what had been previously observed relative the detrimental effects 
driving piles into soft clays. His paper has done much curb the indiscrimi- 
nate use friction piles structural support such soils. 

The conclusions the authors are based largely the laboratory results 
tests made samples recovered from the uniform soft blue clay, persisting 
from about El. +505 El. +550, through which the point-bearing piles were 
driven. The average unconfined compression strengths and water contents 
the bed whole for the several periods considered were shown Table 

examination Fig. indicates that the 2-in. samples suffered some 
distortion during sampling, and similar distortion noted the samples 
shown Fig. assumed that the 2-in. samples were entirely subjected 
unconfined compression tests and that the which evident around 
the periphery the samples was not trimmed off before testing. further 


AveracGe Water Contrent 


Averace Compressive Srrenctu 


(PERCENTAGES) (Tons per Square Foor) 
Months from 
Adjacent to piles | Midway between Adjacent to Midway between 
(P borings) piles (C borings) piles piles 


Before driving 


1 month after......... 


«Boring A. * This value is mentioned by the authors but not given in the paper. 


assumed that all the “undisturbed” samples tested had suffered degree 
disturbance similar that evident Figs. and Examination the soil 
surrounding the pile, shown Fig. indicates very substantial remolding 
the soil extending away from the pile surface for least the diameter 
the pile itself. Although samples secured adjacent the pile, shown Fig. 
did retain their “laminated structure,” some extent, they are visibly much 
disturbed and their strengths, determined from tests, are the strengths 
considerably remolded soils. Had the samples from boring been truly un- 
disturbed, their compressive strengths would doubt have been substantially 
more than shown the tests, and there should have been greater difference 
between the strengths undisturbed samples and samples recovered from the 

borings and borings. 

The degree disturbance midway between the piles must have been nearly 
the same the pile periphery, because the compressive strengths month 
after pile driving are the same both cases. With regard the upper 
laminated clay, the authors state (see Soil that: 

“In their undisturbed state, the samples had unconfined compressive 


strength approximately eight times that the same samples when remolded 
the laboratory their natural water 


22.8 23.8 0.56 0.56 

months after........ 22.0 24.4 0.75 


FREEMAN AND PARSONS SOFT CLAY 333 


This difference not apparent Fig. except the upper few feet the 
laminated clay. The same reduction soil strength after month, the 
samples adjacent to, and midway between, the piles, may purely coinci- 
dence; and the test results certainly not warrant the assumption that the 
disturbed soil zone limited within few inches the pile. 

The limited scope the investigation, and the scattered results the few 
tests made, not warrant the conclusions presented the paper. Certainly 
more than one boring each type should have been made before and after 
driving piles. would also interesting know the results unconfined 
compression tests the samples from boring C-11. The addition consolida- 
tion tests the test program might have yielded valuable information re- 
garding the relative strengths and degree disturbance the soil different 
locations. 

The authors state that, result the pile driving operations, the ground 
surface between the piles heaved about ft. Piles driven similar soil for- 
mations frequently cause adjacent piles heave, sometimes enough require 
redriving. When the piles are point bearing and closely spaced the resulting 
settlement the soil between the piles may negligible, even when significant 
heaving has been noted, because the transfer soil weight the pile surfaces 
through friction. The resulting arching effect between piles sufficient 
restrain the natural tendency for the remolded disturbed soil reconsolidate. 
The foregoing observed phenomena, however, cannot properly construed 
indicate that, the piles were not point bearing and were effect friction piles, 
they, the soil between the piles, would not settle result the remolding 
effect and added load. the contrary, settlements should expected and 
all probability would occur. The authors’ conclusions would far more 
convincing had the authors determined from actual level observations whether 
the soil did did not settle after pile driving. 

Although the degree restraint against settlement afforded the piles 
depends (among other things) the physical properties the clay penetrated, 
such restraint has been observed occur some the softest soils. 
LaGuardia Field, New York, Y., for example, where the soft organic silt 
approximately thick, settlements the order have been observed 
since 1937 when about ash fill was placed over much the 
other hand, areas where structures had been supported end bearing piles 
penetrating the fill and mud and supported the underlying sand, observed 
settlements between the piles have been the order 1.5 for the same 
period. Obviously, cannot concluded that, the structures had been 
built friction piles supported the organic silt, settlements the lower 
order would have resulted, that friction piles would beneficial the 
situation. 

Neither the evidence Fig. nor the evidence the writers’ frequent 
observations supports the statement (see that: the 
region disturbance limited zone within few inches the pile and the 
main volume the clay mass apparently early 1915, 
Karl reported the influence pile size and shape dis- 


* “Die Rammwirkung im Erdreich,” by Karl Zimmerman, Versuche auf neuer Grundlage, Berlin, 1915. 
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turbance the surrounding soil, and pointed out that both factors are in- 
fluenced the type soil involved. varved soils where the distortion 
the soil may readily seen not uncommon observe severely disturbed 
zones extending least diameter beyond the face the piles. 

most instances the observed effects driving piles into soft clay forma- 
tions are more pronounced than stated the authors. The disturbance 
exhibited Fig. was matter considerable concern one such instance 


and offered direct evidence against the conclusions submitted the 
authors. The piles shown are point-bearing, 15-in., closed-ended, pipe piles, 
driven through approximately 100 relatively soft varved clay, glacial 
origin, into underlying compact sand and gravel stratum. The structure 
supported the piles shown plan Fig. and may described 
heavy ornamental type building. Its entire weight, with the exception 
the ground floor partitions and slab, carried the piles. was considered 


n- 


ial 


FREEMAN AND PARSONS SOFT CLAY 335 


unnecessary support either the ground floors the partitions since they im- 
posed additional weight the underlying formation because was necessary 
excavate more than their weight soil reach the grade established for the 
floors. The general grades the ground surface and floor, together with the 
soil formations, are shown Fig. 33. The piles are considerably wider 
spacing than those described the authors; and the footings are spaced 
centers along the foundation walls. 

Piles were driven from June August, 1940, and the ground floor was 
laid November and December, 1940. Shortly before the building was 
completed and ready for occupancy, cracks appeared the ground floor parti- 


Floor between footings supported 
On ground columns and wails of 


+60 / Boiler 
+40 
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tions and slab and was found that the ground between the pile clusters was 
settling. The settlements could traced other cause than the dis- 
turbance the soft varved clay produced driving pipe piles through this 
formation. 

temporary solution, underfloor grouting jacking” was done 
and holes were drilled through the floor August, 1941, for the purpose 
establishing settlement observation points the surface the underlying 
varved clay bed. The locations these observation points are shown Fig. 
33, and the settlements that were observed are plotted against the square root 
elapsed time Fig. 34. Because the straight-line relationship estab- 
lished was possible estimate, for comparison with observed settlements 
the floor, the amount settlement previous the installation the settle- 
ment observation points. These settlements occurred spite actual 
net decrease load the underlying clay formation that was responsible for 
the settlements. 

Conclusions.—The writers believe that the authors’ conclusions regarding 
the effect driving piles into soft clays are consistent neither with the data 
presented, nor with current experience, for the following reasons: 


The conditions investigated the authors are not analogous the 
situation which friction piles have been supported clay; 

Had the piles this case been supported friction the clay bed, 
settlement both the piles and the surrounding ground would have occurred; 
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driven piles; 
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Laboratory test data submitted the authors, and their own state- 
ments, indicate loss strength the clay both adjacent and between the 


Illustrations presented the authors indicate some disturbance the 
soil even samples, and great disturbance the samples 
secured from the region adjacent the piles; 
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The data presented way contradict the original contentions Mr. 
regarding the remolding effect piles driven into soft clay; and 

substantiate the authors’ conclusions more borings and more labora- 
tory tests are required, including tests the soil midway between piles. 
simple level observations required prove the settlement nonsettlement 
the ground surface should included any further similar investigations. 
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indebted the authors for obtaining and presenting factual data this con- 
troversial subject. Although the writer can think additional tests and field 
measurements that would have been desirable, realizes only too well the 
limitations which time and money place upon the scope research project 
foundation engineering. 

Within the writer’s professional experience have come number projects 
which piles were driven into soft clays without ill effects. Although data 
necessary explain the changes specific properties the soft clay, with the 
passing time, have not been compiled, the very fact satisfactory per- 
formance evidence, some degree. Such evidence found the 
following examples, previously cited another William 
Moore, ASCE. 

1.—A foundation investigation the site the Avon Refinery 
the Tide Water Associated Oil Company Avon, Calif., resulted the 
selection cast-in-place concrete piles for the support catalytic cracking 
unit. The foundation the unit was 130 plan and was required 
support dead load approximately 8,700 tons. total 352 piles, 
spaced approximately centers, was required for design load tons 
per pile; the dead load was slightly more than tons per pile. The foundation 
soils were found predominantly clays interspersed with strata fine 
sand. The moisture content the clays varied from 20% 30%, and the 
dry density ranged between per and 110 per ft. 
strength the clay, determined direct shear tests undisturbed samples, 
varied from 640 per 1,750 per ft. The computations pile 
capacity indicated that the friction piles could support 40-ton design loads 

had been fully anticipated, the piles failed achieve driving resistance 
sufficient indicate capacity tons dynamic formula the designed 
depth penetration. The pile driving contractor insisted that the piles 
should driven greater depths and refused accept responsibility they 
were not. order disprove the capacity indicated the driving formula, 
the piles were allowed stand for few days and driving was again begun. 
The redriving indicated formula capacity tons, whereas the initial 
formula capacity was only tons. Although the contractor still was un- 
convinced, the owner accepted the recommendations based upon the foundation 
investigation without requiring the performance substantiating load tests. 

Some heaving the ground surface was observed, but there was evidence 
indicate that the soil settled under its own weight due remolding. The 
settlements the completed structure have been extremely small. Although 
special studies were made evaluate the effects the pile driving the 
strengths the clays, such effects this case must have been negligible else 
the clays regained their full strength within very short period. may 
reasoned that remolding the clays caused the low driving resistance initially 


Resident Partner, Dames Moore, Foundation Engrs., Los Angeles, Calif. 


with Predetermining Pile William Moore, Transactions, ASCE, 
Vol. 114, 1949, p. 351. 
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observed, and that the clays substantially regained their strength the time 
driving was recommenced. However, the writer’s belief that the increage 
resistance was caused the dissipation excess hydrostatic pore pressures 
developed the clay during driving. seems reasonable assume that such 
excess pressures would dissipated, least adjacent the pile, much more 
rapidly than would the clay regain its strength had been seriously weakened 
remolding. 

2.—Pre-cast concrete piles deriving their support friction from 
moderately firm clays were used support reinforced concrete pier 
shipyard Richmond, Calif. The foundation investigation disclosed that the 
moisture content the clay ranged from 28% 69% and the dry density 
disturbed samples gave shearing strengths from 640 per 1,910 
per ft. Tongue-and-grove sheet piles, in. in., were computed 
have capacity tons when driven below the surface the bottom 
the bay. 

this project, test was performed check the vertical load supporting 
capacity typical single sheet pile used bearing pile. The results 
the load test fully confirmed the capacity computed from the tests un- 
disturbed samples. remolding the clay severe weakening had occurred, 
difficult imagine that the supporting capacity the pile would not have 
been considerably less than the computed capacity. The driving resistances 
again yielded formula capacities which were generally much less than the static 
capacity the piles. The settlements the completed pier have not exceeded 
the amounts computed for the clays undisturbed state. 

3.—Another case point pile loading test made California 
Point San Francisco Bay, The foundation investigation disclosed the soils 
soft, clayey bay deposits having high moisture contents, low densities, 
and low shearing The pre-cast concrete piles were computed 
have supporting capacity tons for penetration into the soft 
clay, the surface which was below water level. 

test pile was installed and penetrated the full under its own weight 
and the weight the hammer; not single blow the hammer was required. 
The load test, which was begun days after driving, confirmed the computed 
capacity determined from the tests undisturbed samples, spite the 
negligible resistance developed placing the pile. seems that any serious 
loss strength remolding these extremely soft clays would certainly 
have seriously reduced the capacity the pile. 

The experiences the writer and his associates the aforementioned 
projects, well number other projects which were not discussed, are 
accordance with the findings the authors. The results obtained these 
projects support one two theories—(1) either the remolding the soft clay 
driven pile not nearly extreme the remolding observed the 
laboratory, (2) the strength the remolded soft clay recovers rapidly 
that becomes comparable the strength undisturbed clay relatively 
few days. either event, the supporting capacity piling driven these 
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projects has not been appreciably affected any remolding nor have the 
settlements groups piling exceeded the settlements computed the basis 
laboratory tests undisturbed samples. may that for some clays 
the use driven piling will prove detrimental, but believed that the 
such conditions the exception rather than the general rule. 


this paper, was conducted the Union Station Detroit, Mich., connection 
with the design grade separation structures the John Lodge Express- 
pertinent compare the conclusions drawn that case with 
those presented the authors. some respects the later investigation con- 
firms the authors’ deductions and provides some additional data regarding 
this problem about which experimental results are still rather fragmentary. 
The primary objective the tests was study methods controlling the 
volume displacement due pile driving which sometimes has harmful effects 
adjacent structures utilities. With respect this phase the investiga- 
tion was found that the use tapered, open end steel piles the type used 
did eliminate major part the volume displacement. Subsequent loading 
tests indicated that those piles which the clay core was not removed had 
ultimate carrying capacity controlled the soil comparable that mea- 
sured the piles filled with concrete. 

Largely result the publication the earlier investigation made 
the authors was decided conduct some parallel studies connection with 


the Union Station pile tests study remolding and moisture content changes 
due pile driving. The tentative conclusions drawn from the investigation, 
and which may compared with the authors’ deductions, are follows: 


The Detroit clay deposit consists least two depositions lacustrine 
clay showing different reaction pile driving far loss shearing 
resistance concerned. The physical characteristics these deposits, de- 
termined index tests, show some similarity those reported the authors. 

Above approximate El. 530 the Union Station, clay within in. the 
pile suffered loss shearing resistance comparable the value when remolded. 
Determination recovery was based two types shear tests made approxi- 
mately 2.5 months after pile driving. Below El. 530 there was apparent 
loss strength due pile driving distance approximately in. from the 
pile. tests were made determine recovery the soil with time. Shear 
values the lower clay deposits 2.5 months after driving were substantially 
higher than the original shear strength found the check boring but within 
the range variation found series exploratory borings. These results 
were confirmed two similar borings distance in. from the piles, 

two borings distance several feet from the piles there was 
evidence loss shearing resistance due remolding either the upper 
the lower clay deposit. one case shear values the lower deposit were 
greater than the check boring but within the range found the series ex- 
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ploratory borings. This would tend confirm that the higher shear values 
found the lower clay were the result natural variation the deposit 
rather than alteration produced pile driving. 

There was positive evidence any change moisture content 
either the top bottom clay deposit but one depth where there was 
particularly soft and highly plastic clay there were scattered results from which 
might concluded that decrease moisture content had taken place 
within in. the piles. 


presenting these data the writer wishes point out that, although the 
results reported are based duplicate borings and duplicate laboratory shear 
tests and while they indicate some trends, there such wide variation 
shearing resistance and physical characteristics the natural state that the 
statistical basis comparison becomes extremely narrow, making the available 
data comparatively fragmentary. For example, both investigations there 
are only data two points with respect distance from the piles, one ap- 
proximately in. and one several feet, giving little measure the boundary 
zones within which remolding important. Perhaps more important the 
possible variation with time, particularly the rate recovery the loss 
strength. this point there quite incomplete coverage the results re- 
ported from both investigations, and considering the character the tests and 
the expense involved not likely that such information will made avail- 
able under ordinary circumstances. 

would appear the writer that there are other, and perhaps more im- 
portant, aspects the effect driving piles soft clay which attention 
might directed and which observation and experience may provide more 
conclusive information. For one thing, matter common experience 


pile driving that the load-carrying capacity the piles determined 


conventional pile driving formulas may very small the time the driving 
completed, but within period hours few days friction piles “set up” 
and offer much greater resistance penetration. fact, common 
practice take advantage this well-known phenomenon meeting specifica- 
tions that require certain pile capacity determined commonly used 
formulas. 

Some years ago the Detroit Edison Company conducted rather extensive 
series load tests friction piles determine the recovery the soft clay 
from the detrimental effects pile driving. These tests were made direct 
loading two 16-in. (outside diameter) steel piles, approximately long, 
which were driven the company’s Delray Power Plant Detroit. Soil con- 
ditions the area are comparable those under discussion the authors, 
being the River Rouge area Detroit where the entire depth clay 
hardpan consists soft-plastic lacustrine deposit. 

Immediately after the piles were driven, load testing equipment was set 
and direct loading tests were conducted intervals starting from about 
hours after the piles were driven and continuing for about days. The 


results these tests have never been published but seem pertinent the 


HOUSEL SOFT CLAY 341 


subject now under discussion and provide evidence the nature the 
temporary loss strength and subsequent recovery such clays after pile 
driving. Observations these phenomena indicate rapid recovery 
shearing resistance accompanied parallel changes elastic properties 
which are seldom associated with changes moisture content and consolidation 
the soil mass. 


Shearing limit=P, 


Load in, Thousands of Pounds 


Settiement, 


typical load settlement diagram taken from the series thirty-six tests 
conducted the two piles shown Fig. 35. This diagram indicates the 
resistance characteristics the clay mass measured loading so-called 
friction pile. Even though the clay soft highly plastic gives evidence 
extended range elastic behavior shown the linear relation between 
load and settlement extending close the load limit. After the load limit has 
been exceeded there stage rapid progressive settlement shown 
almost horizontal load settlement line followed rebound elastic recovery 
after the release the load. Throughout the series tests was found that 
the rebound was approximately equal the total elastic deformation deter- 
mined the intersection the elastic load settlement line with the failure 
line, point which designated the load limit, Pz. The shearing limit, Ps, 
has been selected the load carried deformation equal the total elastic 
deformation. The difference between the shearing limit and the load limit 
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the curved portion the load settlement diagram considered the point 
resistance. this connection should pointed out that the friction pile 
Fig. was tested with the clay core inside the pipe extending almost the 
top the pile, condition resulting immediately after driving. Fig. 
shown comparison between rebound and total elastic deformation for the 
series tests such friction pile, supporting the conclusion that the re- 
bound and total elastic deformation were equal. 

Fig. shown load settlement diagram for the same pile after the 
clay core had been removed for the purpose completely eliminating point 
resistance. the first place evident that the difference between the 
shearing limit and the load limit has almost disappeared and the failure the 
pile quite abrupt. greater importance, however, the comparison 
afforded immediate repetitions load shown Fig. 37. This type test 
was made number times throughout the series tests demonstrating 
beyond any reasonable doubt that friction piles such cohesive clays could 
loaded rapid progressive settlement without impairing the shearing resis- 
tance the material. 

The variation load-carrying capacity the pile, which may assumed 
equivalent the shearing resistance the soil, provides the most im- 
portant data available from these tests. This variation shown Fig. 
which the shear limit previously defined has been plotted for one the 
piles with the time days since driving the abscissa. few hours after 
driving the shear limit was approximately 25,000 lb. This increased rapidly 
and period days the shear limit had increased approximately 
77,000 lb, about three times its initial value. this point the pile had 
developed capacity approximately equal that which had been estimated 
from the independent shearing resistance tests which the average shear for 
this depth was approximately 275 per ft. duplicate test the second 
pile this time provided very satisfactory confirmation the total shearing 
capacity. 

One the most interesting observations which this series tests provided 
resulted from what might termed accident that occurred after the first 
days had elapsed. Each the preceding piles was tested rapid pro- 
gressive failure and this point became necessary put additional 
length pipe this pile order continue the tests. The construction 
superintendent who had been assisting the project was very much interested 
and very anxious everything possible bring the investigation 
successful conclusion. Consequently, order eliminate any possible settle- 
ment from incomplete seating the new length pipe the joint, brought 
the pile driver back the job and drove the pipe about in., possibly striking 
more than six blows. The surprising result shown the curve Fig. 38. 
The next test after redriving the pile shows abrupt decrease shearing 
resistance which was substantial although not great the original loss 
strength. 
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seems obvious that the slight movement the pile involved redriving 
could not have produced any significant amount remolding the soil 
change the moisture content. should also pointed out that the dis- 
placement involved was only little more than that which took place each 
the static load tests which the soil was carried rapid progressive dis- 
placement. may stated with considerable certainty that deforming the 
soil (by rapid shearing displacement under static load) did not impair its 
strength; but the shock just few blows the hammer produced marked 


Time, in Days 


decrease strength. Furthermore, the decrease shearing resistance was 
accompanied parallel decrease elastic deformation recorded both 
the rebound and the total elastic deformation. These data are shown Fig. 
and, the writer’s opinion, present very strong evidence that the primary 
source the loss strength and its subsequent recovery can traced back 
the very source cohesion adsorption molecular orientation soil mois- 
ture. The phenomena may called thixotropic effect, which character- 
istic colloidal systems and has been observed clays the character under 

This series tests produced evidence least one other interesting 
phenomenon. may mentioned passing even though its basis some- 
what speculative. the tests were conducted the shearing resistance in- 
creased with time maximum days shown test No. (Fig. 
38) where the shearing limit approximately 90,000 lb. This total capacity 
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was substantially greater than had been anticipated from previous shearing 
resistance tests and greater than the shearing the duplicate pile 
that was being tested. the same time the test data gave evidence 


disparity between elastic deformation and shearing resistance which led 
the speculation that dynamic point resistance was being built result 


0.35 


0.30 


0.20 


Rebound and Elastic deformation, in Inches 


0.05 


Time, Days 


repeated tests which produced rapid progressive penetration the pile. The 
magnitude this dynamic point resistance was quite high, approaching the 
passive pressures that might anticipated under the static head some 
ft. 

was then decided two things obtain further evidence this 
phenomenon. the first place, the pile was left without load repetition for 
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approximately days and then tested shown test No. (Fig. 38). The 
total shearing capacity that time had dropped back approximately 77,000 
lb. This was fairly close that which had been anticipated from other test 
data, indicating that the high intensity pressure developed the point 
the pile had been dissipated. the succeeding test No. 28, however, this 
dynamic resistance was substantially recovered. the next test the core 
was removed from the pipe order eliminate point resistance completely. 
This removal was accompanied considerable disturbance caused the 
inflow soil into the bottom the pipe, was found the soft clay that 
either head water substantial core was required prevent such loss 
ground. the subsequent tests, shown Fig. 38, the shearing capacity 
the pile was recovered and the series tests was terminated. 

Acknowledgment.—The tests the Union Station, referred this dis- 
cussion, were conducted jointly the Michigan State Highway Department, 
the Wayne County Road Commission, and the Union Metal Manufacturing 
Company. 


ASCE.—The large number discussions and the varied reactions the paper 
indicate the interest engineers the subject the investigation. the 
same time, the discussions show the scarcity factual information concerning 
the behavior friction pile foundations clay deposits. Furthermore, the 
discussions show how firmly theory can become established regardless 
whether not actual field data are available prove disprove it. the 


problem under discussion, the questions that need answered are follows: 


(1) what extent does the driving piles remold the clay and increase 
the compressibility the deposit? 

(2) what extent does the increase compressibility the clay lead 
settlement? 


The only method which these two questions can answered with 
certainty,is actual field investigation. answer both questions would 
necessary observe the settlements pairs nearly identical buildings 
various types clay deposits with one building each pair friction pile 
foundation and the other spread foundation. far the writers are 
aware, such field evidence has ever been published. Since opportunities 
make observations this kind are rare, seems that the problem must 
approached answering the two questions separately. The investigation 
described the writers furnished field evidence concerning the first question. 
Apparently this evidence and that collected Mr. Housel represent the only 
information this kind yet published. Most the discussions are concerned 
with theoretical analyses, model tests, speculation based secondary effects. 


Director Research, Raymond Concrete Pile Co., New York, 


Asst. Engr. Soils, Michigan State Highway Testing Laboratory, Univ. Michigan, and Asst. Prof. 
Civ. Eng., Univ. Michigan, Ann Arbor, 


Research Prof., Soil Mechanics, Univ. Illinois, Urbana, 
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Several discussions deal with observations upheaval and the sub- 
sequent subsidence the ground surface between the pile heads. the 
opinion the writers, the basic questions this problem cannot answered 
such observations. The fact that some cases the ground surface subsides 
between the piles does not necessarily lead the conclusion that friction pile 
foundation the soil would have settled. The subsidence may reflect merely 
the intense consolidation thin shell clay around each pile, indicated 
the observations the writers and the instructive measurements and compu- 
tations Mr. Zeevaert. 

Mr. Rutledge presents convincing evidence that the clay adjacent 
the piles the writers’ tests was actually completely remolded state im- 
mediately after pile driving and that acquired strength amounting almost 
twice its remolded value the end month. The writers are inclined 
agree with this interpretation the data. However, the fact that the clay 
adjacent the pile may have been completely remolded the time pile 
driving does not necessarily lead the conclusion that the settlement 
friction pile foundation such clay deposit would excessive. 
practical matter, always least month, and often many months, before 
pile foundation completely loaded with the structure intended 
support. If, for any reason, the clay acquires strength and rigidity during 
this period, the piles will prepared support their loads the time the 
loads are actually applied. the gain soil strength accompanied 
consolidation and settlement the piles, harm done the structure. 

The fact that increase strength may occur amply demonstrated for 
the Detroit clay the load tests reported Mr. Housel. Similar results 
for more sensitive material have been reported Karl Hon. 
ASCE. 

Mr. Skempton describes the construction grain elevator foundation 
Durban, South Africa. Mr. Kantey has also discussed the Durban elevator. 
There appears some discrepancy among the test results for the clay soil 
believed underlie the site this structure. According Mr. Skempton, 
the liquid limit the clay about 100%; the water content, about 60%; and 
the plastic limit, about 30%. According Mr. Kantey, the liquid limit 
about 55% and the water content slightly higher than the liquid limit. 
Both writers describe the failure this elevator foundation and attribute the 
difficulty the remolding effect the piles which were driven into the clay 
below the sand bed. The writers believe that the observed events can ex- 
plained much simpler manner and that very doubtful that the re- 
molding effect pile driving had any influence the failure. 

This grain elevator owned and operated the South African Railways 
and the very extensive and costly failure the foundations led the appoint- 
ment, the government, Commission Inquiry. The piles the upper 
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level were driven first and the concrete mat was cast top the piles. During 
the driving the upper piles, the steel sheet piling bulged toward the excava- 
tion. pile driving proceeded the lower level, the sheet piling continued 
bulge and sag toward the excavation. the time the lower level pile 
driving was practically completed, the edge the slab nearest the excavation 
had sunk almost The sheet piling separating the two levels excavation 
was not designed provide restraint the soil but merely keep the working 
area dry. 

The much larger penetrations per blow the low area were probably due 
the fact that the amount sand through which these piles were driven was 
considerably less than that through which the piles the upper level were 
driven. addition, order excavate the pit for the Working House area 
must have been necessary lower the water table least This lower- 
ing the water table would have increased the effective pressure the bed 
underlying clay and led settlement due consolidation. 

The subsequent installation the cylinder foundations, described 
Mr. Skempton, produced loss ground and resulted the final collapse 
the upper slab and the sheet piling. that stage the construction, the con- 
tractor was discharged and the work was taken over the South African 
Railways. view these facts, the failure this elevator foundation can 
hardly attributed the remolding effect pile driving. 

Mr. Legget inquires whether there was any significance the order 
which the piling Detroit was driven. The writers believe that the order 
the pile driving had effect the results the investigation. this con- 
nection, should pointed out that the reported upheaval merely 
approximate value not obtained measurement. However, may stated 
definitely that water and softened clay escaped the ground surface after 
flowing alongside the piles. 

Mr. Legget also questions the accuracy the moisture contents because 
the possibility that the samples may have dried during the compression tests. 
Before the investigation was started, series tests was made explore this 
possibility. Nine identical samples remolded clay were made the same 
dimensions the specimens tested the investigation. They were allowed 
the laboratory room temperature 80° and relative humidity 
56% and were tested after various intervals time. The first sample was 
tested immediately after remolding and the last approximately hours after- 
ward. Neither the compressive strength nor the water content showed signifi- 
cant alterations within period min. The actual tests reported the 
paper were all performed less than min. 

Several discussers have suggested that the soil test data should supple- 
mented stress-strain curves. Sets typical curves for the upper and the 
lower clay are shown Fig. 40. 

Messrs. Freeman and Parsons have referred the work Karl Zimmer- 
but the writers are the opinion that Mr. Zimmerman’s work 
way related the problem under discussion. his experiments were made 
with model piles which were driven from in. in. into box artifically 
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sand. The piles were various shapes and sizes, with diameters 
varying from about 2.5 in. in. other words, the ratio length 
diameter the model piles was approximately For 40-ft pile the 
field, the length-diameter ratio Mr. Zimmerman’s tests would correspond 
pile diameter. the title his indicates, Mr. Zimmerman’s 
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work was done primarily investigate the driving characteristics model 
piles with various cross-sectional shapes and with varying tapers. The condi- 
tions under which his experiments were made, well the fact that worked 
only with sand, make any reference his work irrelevant with respect the 
subject under discussion. 

Mr. Crandall has presented four examples projects which friction 
piles were driven beds clay. Although factual data are presented 
the properties the clay after pile driving, settlement records indicate that 
there was excessive settlement any the projects described. All over 
the world there are many similar examples satisfactory foundations con- 
sisting friction piles driven into clay beds. 

Mr. Housel has presented field data similar those the writers. His 
laboratory test results samples taken before and after pile driving confirm 
the results reported the paper. 
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closing, the writers wish thank the discussers for the time and effort, 
that was used preparing the discussions. The writers are well aware that 
the data presented the paper are meager. Nevertheless, most the dis- 
cussions were based even less field data. The paper and its discussions have 
helped clarify the problem under investigation. hoped that engineers 
will encouraged make similar investigations obtain factual data under 
varying conditions soils and pile driving. 
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TRANSACTIONS 


Paper No. 2401 


ANALYSIS PILE FOUNDATIONS WITH 
BATTER PILES 


This paper presents method analysis pile loads foundations in- 
volving nonparallel piles, when both longitudinal and lateral resistances piles 
are taken into account. Although the basic ideas underlying this method are 
substantially the same the other similar methods, the manner applying 
these ideas different far clear separation made the aspects 
the problem that are reasonably definite and generally accepted from those 
that are uncertain. The element uncertainty present the form three 
characterizing deformability the piles, whose values can only 
roughly estimated. way approximation, the two less important 
these coefficients may ignored and the third may expressed terms 
data possessed the designer, which lead workable formulas suitable for 
practical use. method estimating the pile coefficients also given, and 
varying the values these coefficients over wide range, shown 
example that the error introduced ignoring the minor coefficients only 
moderate. 


Batter piles are not used foundations structures carrying horizontal 
loads often their advantages would justify. Perhaps one the reasons 
for this anomaly the absence workable method analysis. 

this connection one cannot fail notice conspicuous inconsistency 
the usual design practice. the one hand, many foundations carrying hori- 
zontal loads are provided with only vertical piles, that all the horizontal 
restraint caused the lateral pile resistances alone. the other hand, 
when the arrangement such that two more groups nonparallel piles are 
present, the lateral pile resistances are completely ignored, they were 


February, 1949, Proceedings. and titles given are those effect 
when the paper discussion was received for publication. 
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consequence. This approach out line with the one adopted the 
case parallel piles. 

may pointed out that pile foundations very seldom, ever, fail because 
the piles break, but almost invariably fail because the movement the founda- 
tion becomes excessive. This statement full agreement with the recog- 
nized method determining the allowable loads piles both longitudinal 
and transverse directions loading tests. Thus, most building codes 
specify that the safe axial load pile must such that the settlement pro- 
duced does not exceed definite small value, such With regard the 
allowable lateral loads most the codes are silent, but here again resistances 
specified some authorities are based definite small displacements the 
pile 

the foregoing was shown that, from the viewpoint design, the pile 
load considered merely symbol for deflection. specification limits 
the pile load tons, not because 25-ton load believed break it, 
least bring too close failure, but because the settlement corresponding 

This symbolic use the allowable load not limited the piles alone, 
but common other cases well. For example, the allowable load soil 
governed largely the expected settlement the structure. 

The close relation existing between the allowable load pile and the 
resultant displacement has important bearing the validity the generally 

accepted method pile 
Kips analysis, previously referred 


to, which consists disre- 


garding the lateral pile re- 
sistances. One might think 
that, once the lateral pile re- 
sistance omitted, the total 
pile resistance underesti- 
mated, and the design 
conservative. This conclu- 
sion, however, generally 
not correct, shown 
the following. 


Kips supported two piles in- 


clined opposite directions 
10° with the vertical. 
The foundation carries 
vertical load kips and horizontal load kips, applied shown. The 
lateral pile resistance disregarded. assumed that the allowable axial 
load each pile kips, and that the axial displacement the pile head 
the foundation excess in. objectionable. 


Fie. 1 


Pile-Loading Feagin, Transactions, ASCE, Vol. 102, 1937, 236. 
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constructing two separate force triangles, one for horizontal loads and 
one for vertical loads, and then combining the forces, the two pile loads are 


and 


Inasmuch both and are compression loads and are less than kips, 
the pile loads are satisfactory. 

Consider now the horizontal displacement the foundation. Assuming 
that the deformation proportional the load, the axial displacements the 


pile heads are found be, for pile 0.352 in., and, for pile 


The deflected position the point intersection the piles (Fig. 
found the intersection the line normal pile and located 
0.352 in. below and the line normal pile and situated 0.030 in. 
below 

Evidently, 0.352 20° and DO; 0.030 cosec 20°, that the 
horizontal displacement the foundation (0.352 0.030) 20° 
cos 10° 0.928 which much greater than in. and therefore 
inadmissible. 

The large value this displacement is, course, the direct result the 
small batter the piles; would decrease with increase the batter. 
However, practical considerations pile driving preclude too great batter, 
and the situation presented herein appears typical. Thus, the fact that the 
axial pile loads are moderate guarantee that the displacement the 
foundation small and the design adequate, unless the lateral movement 
small also, unless the lateral pile loads are moderate comparison with 
the allowable values, based small displacements. 


ANALYSIS 


Before presenting the method proposed this paper desirable out- 
line briefly predecessors the method. 

the method developed Swedish engineers and presented the United 
States ASCE, the lateral and rotational pile resistances 
and acting the ends piles (Fig. 2), are determined assuming the 
pile act free beam fixed some unknown depth This assumption 
has two weaknesses: (1) method suggested for determining the unknown 
depth and (2) the pile actually loaded along its entire length the side 
pressure earth, and does not resemble free beam span Also, 
section the pile fixed both position and direction, assumed with 
regard the section The effect these erroneous assumptions that 
single value can result true values both end resistances and 
corresponding different displacements the pile head. estimate the 
error resulting from these incorrect assumptions seems possible. 


*“'Design of Pile Foundations,” by C. P. Vetter, Transactions, ASCE, Vol. 104, 1939, p. 758. 
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The method pile Carl Culmann based the resolution 
the resultant force acting the foundation, into three component forces 
(Fig. 3), acting the directions the piles and passing through the centers 
the respective pile groups. This method possesses the following weaknesses: 


assumption, the foundation must supported three nonparallel 
groups piles, with one several parallel piles each group. From prac- 
tical point view the requirement the three nonparallel groups piles may 
unnecessary complication. 


Fic. 2 Fia. 3 


The piles are assumed develop axial forces only, and since analysis 
lateral deformations made, the method subject the weakness previ- 
ously discussed connection with Fig. 

Each pile group replaced analysis resultant pile located the 
center gravity the pile group. When several piles are present each 
group, this assumption ignores the rotational resistances the pile groups, 
developed virtue spreading the piles over area, and thereby under- 
estimates the strength the foundation. 


The method ASCE, also ignores the lateral pile 
resistances, and thus subject the same criticism. 


ASSUMPTIONS METHOD 


The method presented this paper based the following assumptions: 


The load carried each pile proportional the displacement the 
pile head. the most general case this displacement consists three com- 
ponents: The axial (in relation the pile) displacement, the transverse 
displacement, and the rotational displacement, Although the displace- 


Oe eattenias Soil Mechanics,” by K. Terzaghi, John Wiley & Sons, Inc., New York, N. Y., 1943, 


Resistance Group Piles,” Westergaard, Journal, Western Soc. Engrs., Vol. 
22, 1917, p. 704. 


RO 
! | 
i! 


BATTER PILES 355 


ments thus defined are proportional the forces producing them, they need 
not necessarily considered elastic. 

All piles behave alike with regard the load-deformation relation. 

The footing, which the pile heads are embedded, absolutely rigid. 

The problem two-dimensional—that is, the piles, well the external 
forces, are arranged planes transverse the length the foundation, and 
they are symmetrical with regard the transverse middle plane. Under these 
conditions all the pile movements take place transverse planes. 

The footing movements are small. 


course fully realized that none these assumptions exactly true, 
but believed that most cases they not misrepresent the actual behavior 
the piles greatly, and, the same time, reasonably workable analysis 
developed without their assistance. When physical conditions the 
foundation manifestly disagree with any these assumptions—for example, 
when the footing not rigid—the theory, course, fails. The same assump- 
tions have been used Mr. Vetter and Professor Westergaard. 


The pile constants are defined the forces with which the pile acts the 
foundation when the pile head given unit displacement. There are three 
sets these constants, corresponding three different kinds displacements. 


Displaced 


Position 


Position 


Unit longitudinal displacement, in. (Fig. brings into play 
single constant which measured pounds per inch and acts the axial 
direction. 

unit transverse movement, in. (Fig. produces transverse 
resistance and rotational resistance measured pounds per inch and 
pound-inches per inch, respectively. 

unit rotation, radian (Fig. 4(c)), accompanied rotational 
resistance and transverse resistance measured pound-inches per 
radian and pounds per radian, respectively. may observed that axial 
resistances accompany either transverse rotational displacements, and 
moments transverse forces are brought into play the axial displacement. 

should emphasized that the pile constants defined herein represent 
the effect the pile the footing and not vice versa. Therefore, the direc- 
tions these constants must carefully noted. may expected, the 
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three primary constants (n, and are directed opposite the pile head 
displacements creating them, whereas the two secondary constants and 
which are only incidental the displacements produced, stand such rela- 
tion their primary partners (that is, and respectively) that, the 
constant directed the right, the constant directed counterclockwise, 
and vice versa. 

the Betti theorem,* that the most general case—that is, 
when the pile head deeply embedded the footing—there are only four 
constants characterizing the load-deformation relation pile—n, ta, 
and 

When the footing barely engages the piles, their heads may considered 
hinged instead fixed, and Likewise, the two constants need 
not considered this case, and only and remain. 


Fig. represents the foundation structure supported piles and re- 
ferred rectangular axes. For convenience, the z-axis.is made coincident 
with the footing base; the positive 
directions the axes are taken 
the right and downward, and the 
origin chosen arbitrarily. The 
foundation constants are defined 
the resultant forces with which all 
piles act together the footing, 
when the footing given unit 
translational displacement the 
positive direction one the axes 
unit rotation about the origin 
the clockwise direction. 

Each unit displacement general brings into play resisting force, which 
may represented its two components acting along the coordinate axes 
and the moment about the origin. Thus, unit displacement z-axis 
gives rise the constants and M,, Fig. unit displacement 
along the y-axis creates the constants X,, Y,, and M,, whereas unit rotation 
about the origin produces the constants the Betti 
three pairs these constants are equal, thus leaving only six independent 
these functions correspond the positive directions the axes and the 
clockwise direction for the moments. 

These foundation constants can evaluated terms the pile constants 
and the geometry the foundation. order avoid errors necessary 
adhere strictly the sign convention previously explained, keeping mind 
that the foundation constants represent the action the piles the founda- 
tion, and not the opposite effect. 


Displaced Position 


Statically Indeterminate Structures,” Fife and Wilbur, McGraw-Hill 
Book Co., Inc., New York, N. Y., 1937, p. 30. 
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FouNDATION 


order determine the pile loads produced the external forces acting 
the structure necessary find the three component displacements 
the foundation: The displacement along the z-axis; the displacement 
along the y-axis; and the angle rotation, These displacements are found 
setting three simultaneous equations expressing the equilibrium the 
foundation under the action the external forces and the pile forces induced 
these displacements. 

Let the components the external forces, acting the positive directions 
the axes, and their moment about the origin, and The forces 
induced the are then and along the z-axis 
and the y-axis, respectively; and moment about the origin. 

The forces produced the displacements and are expressed 
similar manner. The equations equilibrium the footing are then 


and 


from which the component displacements the footing—A,, A,, and a—are 
determined. Once these component displacements are known, the displace- 
ments the individual pile heads are found geometry, and from them the 
axial, lateral, and rotational pile loads are easily computed. 


AXES 


possible modification the procedure the coordinate axes, together 
with their origin, may moved position outside the footing base, located 
that displacement the footing along one the axes would produce force 
the footing acting exactly along that axis, and the rotation about the origin 
would produce moment without any force. The similarity this approach 
the analysis fixed-ended arches means the elastic center may 
easily recognized. this case, the three displacements the foundation may 
found directly without solving the simultaneous equations. Although ap- 
parently simple principle, this approach has been found quite laborious 
practice and for this reason not pursued herein. 


EXPRESSIONS FOR THE CONSTANTS 


Fig. represents foundation supported several nonparallel groups 
piles. Group includes piles making angle with the foundation base; 
group includes piles angle and on—the total number pile 
groups being The angle measured from the positive direction the 
z-axis clockwise the given pile. 

The footing displaced unit distance parallel itself the positive 
direction the z-axis. view the rigid embedment, the piles retain their 
original inclinations the ends and the head typical pile, has moved 
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distance cos along the pile and sin across the pile away from point 
These displacements induce pile act the foundation with the following 
forces, applied the point and shown their proper directions 
Fig. force, cos along the pile; force, sin across the pile; and 
moment, Simi- 
lar forces are evidently 
applied the heads the 
other piles, and the only 
difference their alge- 
braic expressions the 
subscript the angle 
The sums the com- 
ponents all the induced 
pile forces the directions 
the axes represent the 
foundation constants 
and Y,. The part 
contributed the two re- 
sistances pile is, with 
piles the same group this 
contribution times 
greater. Summing all groups, the corresponding foundation constant 


Fic. 6 


which the symbol covers terms the form expressed the brackets. 


Thus, 


The moment produced the resistances pile about the origin 
abscissa the center gravity all the pile heads group Summing 
these moments for all groups, 


which the coordinate the center the group piles having the 
angle 
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Fig. presents the diagram needed for determining the constants the 
foundation. The footing moved unit distance parallel itself the posi- 
tive direction the y-axis, that the head typical pile group 
moved from distance sin along the pile and cos across the pile. 
The forces induced the 
pile these displacements 
are shown their proper 
directions Fig. 

Summation the 
components all the pile 
forces, and their moments 
about the origin, gives 


Fie. 7 


Fig. the footing rotated through unit angle the clockwise direction 
about the origin. The head typical pile distance from the origin, 
moves vertically downward through distance (The correct statement 
would that rotation results the displacement da.) This displace- 

ment resolved into the 
components sin along 
the pile and cos across 
the pile. Because these 
displacements the pile ex- 
erts forces the founda- 
tion—n sin along the 
pile, and cos across 
the pile—in addition the 
moment, cos about 
the origin. The pile head 
also undergoes unit ro- 
tation, which brings into 
play the transverse force 
and the moment 
the directions shown 
Fig. Taking the sum 
the contributions all piles the moment about the origin, and keeping 
mind that the remaining foundation constant found 


ce 
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The foundation constants determined and with their proper 
signs, represent forces and moments exerted the piles the footing and 
not the footing the piles. Positive signs these functions indicate forces 
acting the positive directions the coordinate axes or, the case mo- 
ments, the clockwise direction. The coordinates and the trigonometric 
functions their expressions must taken with proper algebraic signs. 

and presuppose full embedment the piles the footing, which 
makes them behave they had fixed ends. When the embedment small, 
pin-ended condition ensues, and the corresponding formulas for the pile 


Forces 


Substitution .of the values the foundation constants and the external 
forces and acting the structure Eqs. results determination 
the foundation displacements along the z-axis, along the y-axis, and 
directions the axes and clockwise rotation. 

Prior determining the pile forces necessary obtain the expressions 
for the pile head displacements. This done relation arbitrary pile 
with coordinate (see Figs. and follows: The longitudinal dis- 
placement downward, 


the transverse displacement the right, 

and the rotation clockwise, 


The expressions for the pile forces are follows: The longitudinal force 
(compression), 


the transverse force, acting the foundation the right, 


and the moment, acting the foundation clockwise, 


Although the expressions for the pile loads (Eqs. and are functions 
the pile constants, important realize that not the constants them- 
selves but their ratios that determine the pile loads, may made clear from 
the following. Suppose that all four pile constants decrease the same ratio 
Then, may seen from Eqs. and all the foundation constants are 
reduced times. The result that the foundation displacement, determined 


S= ms 54 
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from and the pile head displacements and (Eqs. 5), all become 
times greater. Turning now the pile forces, may seen that Eqs. 
and are made the products the pile constants and the pile displace- 
ments, and because the former functions decrease times and the latter in- 
crease times, the pile forces remain unchanged. 

Thus, the general case fixed-ended piles, their loads are fully deter- 
mined the three ratios, 


and 


When the piles behave having pinned ends, only one ratio, remains, 
and both becoming zero. 

proach the problem the 
method ratios rather than 
that pile constants, not 
only because the smaller 
number coefficients in- 
volved, but also because 
the most important the 


Center of Group 1 


Xy, 


ratios, more easily ascer Piles Piles 
tainable than the pile coef- Group Group 


For the purpose explaining 
the ratio approach new quan- 
tities, referred the reduced foundation constants, are introduced. Their 
expressions are follows (see Fig. 9): 


Fig. 9 


and 
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Although the foundation constants proper are unknown, the reduced con- 
stants can easily determined, because they are expressed terms the 
pile ratios and not terms the pile constants. rearranging the form: 


and substituting 
and 


for the expressions the brackets, named the reduced foundation movements, 
Eqs. become 


and 


—from which A’,, and can determined. The actual foundation 
movements and the pile head displacements cannot found this approach, 
but the pile loads are easily determined follows: 


From the re- 
duced pile head displace- 
ments are 


+ A’, sin 
=n 5: = A’; sin gi 
A’, cos 
and a’. 
From and the 
pile loads (see Fig. 10) are 
given 


and 


APPROXIMATE THEORY 


Determination the numerical values the pile ratios, well the 
pile constants, best rather uncertain procedure. Fortunately, however, 
the difficulty arising because this uncertainty can overcome means 
moderate approximation, which the same time adds the practicability 


— 
| = x) | 
4 
1 
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the method. Comparative calculations have shown that possible, with- 
out serious error, ignore completely the ratios and and express the 
remaining ratio, terms the data possessed the designer. 

interesting note that the ratios and (or, which just the same, 
the constants and m,) are disregarded the conventional method 
analysis vertical piles (Fig. 11). According this method, the axial load 
the extreme pile (at distance from the origin the pile center) 


which clearly omits the effects and Actually, the influence 
manifested the end moments piles, due the horizontal displacement 
the foundation produced the hori- 
zontal force thus augmenting the 
external moment its effect the 
values the longitudinal pile loads. 
the same time the rotation the foot- 
ing caused inequality the longi- 
tudinal pile loads results formation 
the end moments, which are dependent 
and somewhat reduce the verti- 
cal pile loads. Thus, the usual design 

practice, when applied foundations 

supported the vertical piles alone, 

definitely ignores the effect and without explicitly stating so. 

Analysis pile foundations means single ratio involves omitting 
from the equations concerned terms containing the ratios and The 
moment the end the pile (Eq. 15) is, course, eliminated. The com- 
plete set equations required for the pile load analysis the approximate 
theory includes, addition Eqs. 9a, 9b, 9d, 11, 12, and 14a. 


and 


Eqs. 17, 18, 19, and 20, well Eqs. 9a, 9b, 9d, 11, 12, 13, and 14a, involve 
approximation when the piles behave hinged the top ends, but the 
values for the pin-ended condition and the fixed-ended condition are quite 
different. 

the allowable loads the pile the axial and transverse directions are 


and respectively, and the pile head displacements caused these loads 
are (5.): and 
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Substituting Eqs. Eq. and assuming that for properly established al- 


Inasmuch the lateral pile resistances, well the axial resistances, are 
constantly relied upon the usual design, the values both and must 
known the designer, whether code, test, guessing. Therefore, 
the ratio must also known him. This ratio can wrong only un- 
reasonable inconsistent values have been chosen for and which 
case the resultant error all fairness cannot charged the method, just 
the theory reinforced concrete cannot properly charged with the dis- 
crepancy arising the case reinforced concrete structure when the design 
based the assumption 3,000-lb concrete and the actual strength con- 
crete the structure only 1,500 per in. 

The comparison with reinforced concrete instructive also from another 
viewpoint. well known that the relation between stress and strain 
concrete neither strictly linear, even the beginning the stress-strain 
curve, nor fully elastic. Furthermore, the so-called secant modulus, even 
concrete the same strength characteristics, quantity quite variable for 
different specimens and much different from the generally accepted value 
yet the conventional design reinforced concrete seldom 
questioned with regard the bending stresses concrete and steel. seems 
reasonable adopt similar attitude the design pile foundations. Then 
may looked upon relative measure pile resistances, even when the 
dependence the allowable pile loads the displacements becomes obscure. 

appears that moderate variation the assumed value does not 
alter the values the pile loads great deal. for some special reasons the 
assumed allowable pile loads and are based different values the 
displacements and simple adjustment can made Eq. 22. 

The actual values the pile loads and found Eqs. 14a and 20, 
should not exceed the allowable values that 


and 


Substituting Eq. 23b the expression for from Eq. 20, and eliminating 
the minus sign immaterial, found that 


364 
and 
a 
or 
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Compliance with Eq. which equivalent Eq. insures the 
ateral pile load and the lateral displacement the pile head are not excessive. 
When stated the form: 


Eq. obviously means that the lateral pile head movement must not exceed 
the axial movement caused the allowable longitudinal load. Evidently, 
this condition must satisfied piles all cases, whether they are analyzed 

When the lateral pile resistance negligible, may assumed zero 
the expressions for the foundation constants and for the pile loads. How- 
ever, the condition expressed Eq. 246 still holds this case and warns 
against excessive lateral pile movement, similar that discussed under the 
heading “Pile Foundations.” 

most cases the piles are nearly vertical, with the result that the value 
the horizontal movement the foundation fairly close the value 
the lateral pile movement for this reason the condition: 


may used approximately equivalent Eq. 24b. Thus, Eqs. 23a and 25, 
Eqs. 23a and 24b, may used all cases the criteria adequacy 
the design, lieu Eqs. 23. 


APPROXIMATE FORMULAS FOR THE PILE CONSTANTS 


Determination the pile constants ts, mz, and the three ratios 
and need not considered necessary part the present investiga- 
tion. However, order check the agreement the approximate and the 
more exact analyses the pile foundation, has been found desirable make 
computation these constants. The method used admittedly crude, 
being based number rather arbitrary assumptions. This circumstance, 
however, should not detract from the usefulness the numerical investigation 
founded it, because its main purpose lies not determining the true values 
the coefficients, but rather establishing their order for different foundation 
conditions, with the view demonstrating the closeness the approximate 
and the more exact pile analyses under virtually all possible combinations 
piles and soils. The range the primary physical coefficients determining the 
values the pile constants will chosen wide that the true values the 
latter are not likely beyond the limits assumed the investigation. 


VALUES 


follows from Eq. 21a that small values occur with lightly loaded 
piles which settle great deal, whereas large values occur when the piles 
are loaded heavily but their settlements are small. Allowance must made 
for both the deformation the soil under the foot the pile and the elastic 
shortening the pile. axial displacement the head under the allow- 
able load will considered large settlement; the small settlement will 


(24c) 
= n | 
3’ 
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taken equal the elastic shortening the pile alone. the latter case 
distinction will made between very weak soil (so soft that offers axial 
support the pile), which the pile assumed driven firm stratum 
below that all its axial support comes from the foot reaction, and other soils, 
which the pile assumed supported skin friction alone. The pile 
shortenings these two types soils are found the formulas: 

For very weak soil, 


and for other soils, 


Two rather extreme classes piles are used the following analyses—a 
30-ft timber pile, in. average diameter, and 100-ft reinforced concrete 
pile, in. square. The data pertaining piles, together with the 
computed values are given Table 


Modulus 
Area* | of elas- Load, 
ticity, Pe 


in.) Ver 
wea 
soil 

(2) (3) (7) (8) (9) 

30-ft timber 1,500 0.1134 0.0567 

100-ft reinforced concrete] 20¢ | 400 J d 0.14 0.07 280 


* Average. * Round. Square. 


Approximate values the constants ms, and can determined 
considering the pile beam elastic foundation infinite length, loaded 
the free The end conditions necessary for the constants 


(a) (c) 


Fie. 12 


and are shown Fig. 12(a), which the transverse force and the 
end moment whereas the deflection the end unity, and the angle 
change zero. For determination the end conditions (Fig. 12(c)) are: 
transverse force moment zero end deflection, and unity 


7*Strength of Materials,"’ by S. Timoshenko, D. Van Nostrand Co., Inec., New York, N. Y., Vol. 2, 
1941. 


( a)t A E ( ) 

( a)t 2 A E ( ) 
i 

Sec- Minimum Maximum 

Pile tions 
Other 
(10) (11) 
265| 
1,000 2,000 
( 
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angle change. Translating the notation Timoshenko into that Fig. 12, 


(27a) 
and 


which the elastic constant the soil, defined the ratio the load 


per unit length pile and the corresponding deflection the pile the same 
point, that is, 


Also, the coefficient 
(29) 


which and are, respectively, the moment inertia the cross section 


and the modulus elasticity the pile. When the pile behaves having 
pinned ends (Fig. 


This method involves the approximations and assumptions that: The 
intensity the earth reaction each point the pile proportional the 
deflection the pile the same point; (b) the cross section the pile con- 
stant throughout its full length; and (c) the pile infinitely long. Under the 
last condition the greatest error occurs when the pile short and rigid and 
the soil weak. Correction for the finite pile length possible but laborious, 
and calculations indicate that this error moderate even the extreme cases. 


The value the soil pressure constant depends the stiffness the soil, 
the size the pile, and its cross-sectional shape. Three widely different classes 
soil are considered: (1) Very weak, compressing in. under pressure 100 
per ft; (2) weak, compressing in. under pressure kip per ft; and 
(3) medium, compressing in. under pressure kips per ft. Generally 
speaking, soil firmer than medium not likely require the presence piles, 
and therefore not considered connection with the pile constants. 

round pile, virtue its shape, believed produce sort wedge 
action the soil. This condition allowed for assuming that for round 
pile the deformation double that square pile the same diameter. 

The computation may illustrated the following examples, both 


which assume very weak soil: 20-in. square pile, 13.88 


100 


per in.; and 9-in.-diameter round pile, 


2 
2, 
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The values the pile constants and together with values and 
corresponding different piles and soils are given Table 

interesting present this point the available result independ- 
ent determination the pile constants. rather elaborate theoretical in- 


k 
Section I q 
(in.) (in. per in.) 


(2) (3) 


9-in. 
30-ft timber 322 


100-ft con- 20-in. 
crete square 


vestigation, based the data lateral pile loading tests performed 
Feagin, ASCE, Cummings,* ASCE, arrives the following values 
(in this paper called the pile constants) for round timber pile 12-in. average 
diameter, with 1.878 kips per in., the soil described medium sand— 
kips per in. and perin. Reduction the constants 
the 9-in.-diameter timber piles Table comparable sizes and stiffnesses 
gives resultant values 27.3 kips per in. and 895 in-kip per in. 
With all the uncertainties the underlying theories and the indefiniteness 
the soil designation, the agreement these two sets constants must 
considered close. 

The values the three ratios are also given Table two sets ratios 
being given for each class soil and each type pile. The maximum values 
correspond the least values Table the minimum values, the 
greatest values 


NUMERICAL EXAMPLE 


The theory presented herein applied the analysis the pile foundation 
under the retaining wall shown The wall supported transverse 
rows piles 3-ft centers along the wall, five piles per row, the two back 
piles being vertical and the three front ones inclined batter The 
earth pressure found Rankine’s theory, using the following data: The 
unit weight concrete 150 per ft; the unit weight soil, 100 
per ft; and the angle friction the soil, 30°. The earth pressure 
the back represented the active pressure: 


* Discussion by A. E. Cummings of ‘Lateral Pile-Loading Tests,” by L. B. Feagin, Transactions, 
ASCE, Vol. 102, 1937, p. 255. . d 


(1) (6) (8) (9) 

; Very weak 3.12 6.34 0.493 38.9 

1,500 Weak 1 312 11.28 2.77 123 

Medium 312 20.03 15.59 389 

Very weak 13.88 3.05 4.55 745 

| Medium 1,388 9.65 143.7 7,450 


AND 
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the front represented one half the passive pressure 


Both these pressures are horizontal and, avoid complicating the problem 


(in-kip 
radian) Maximum | Minimum | Minimum | Maximum | Minimum | Maximum | Minimum | Maximum 
(10) (11) (12) (13) (15) (16) (17) (18) 
6,140 265 0.00186 0.00821 0.1468 0.648 23.16 102.3 
10.900 530 60 0.00523 0.0462 0.232 2.05 20.57 181.9 
19,400 530 60 0.0294 0.260 0.734 6.48 36.6 323.3 


244,000 1,000 280 0.00455 0.01625 0.745 2.66 244 872] 


chanics, are assumed have 
the same values all cases 

pile-soil combination, irrespec- 

tive the displacements the 

foundation and structure. The 

origin the coordinatesis placed 

the central pile and the ex- 

ternal forces acting the 3-ft 


section the wall, referred 
the origin, are shown Fig. 13. 
The problem solved re- 
peatedly using all twelve sets 
the pile ratios and considering 
first that all the ratios ri, 
and are effective (cases 
13, Table the ratio 
tion, the problem solved 15" 
disregarding all pile resistances 


other than axial (case 1). 
Employment large and 

closely spaced reinforced con- 

crete piles structure this 
size may criticized incon- 
gruous. Nevertheless, although 


such piles would admittedly too large for the conditions indicated, the 
analysis based the ratios peculiar them may looked upon the one 


So 
in.) 
(9) 
38.9 
(23 
772,000 2,000 280 0.0719 0.513 3.725 26.6 386 2,760 
* Average. 

— 
| 

113.1 Kips 

2, 
% 
30" 

15" 
Kips 
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presenting the picture mechanical behavior these piles larger and more 
heavily loaded structures. far the structure question concerned, 
the piles endowed with the ratios corresponding the large reinforced concrete 
piles will considered having the same moderate allowable load the 
timber piles. This load all cases taken kips. 


MOovEMENTS 


Prize No. 1 


1 
v3 Als Aly < P Q 8 
(2) (4) (6) (7) (8) (9) (10) (11) 
wea. 
Timber, 0.232 20.57| —149.6 —5.74 +32.8 +0.80 
30 ft long Weak 
0.0462 2.05 181.9 —42.4 +17.44 +38.6 +1.16 
Medium 
0.745 244 —2.448 +35.7 +0.65 
wea 
2.66 872 +10.02 +38.7 +0.91 
0.01625 +8.52 +35.4 +1.24 
Reinforced 0.0128 1.18 217.5 +7.89 +37.4 +0.97 
20 in. Weak 


+19.08 —0.1720 
+20.39 


+21.92 —0.1582 
+23.91 


+38.8 +1.05 
+38.1 +1.22 


+35.5 —0.68 
+38.3 —1.35 


0.0719 3.725 386 
0.0719 .... 
0.513 

0.513 


Medium 


The method analysis the pile loads illustrated the following 
example (case Table 3), which the minimum pile ratios are assumed for the 
timber pile very weak ground. From Table 0.00186; 0.1468 
in.; and 23.16 in. For the first group piles: 108° 
and 90°. 


Pile 
12a 
— = 
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(kips) (kips) (in-kip) (kips) (in-kip) (kips) (kips) (in-kip) 


+36.0 +1.15 +6.3 +7.5 


The simultaneous equations are, therefore, 


0.89833 A’, 4.7006 A’, 38.843 113.1 


Thus, 
— |! 
-kip) (kips) | (kips) | (in-kip) 
12) (13) (14) (15) 
+30.3 | +0.43 
118 +38.1 | +0.65 | —118 
+36.3 +0.98 —86 
+30.9 +0.09 +213 
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from which the reduced foundation displacements are found 
0.3384 kip per in., A’, 19.32 kips, and A’, 212.6 


The reduced displacements the head pile are 212.6 0.31623) 
0.94869 19.32 0.31623) 0.3384 60) 0.31623) 214.43 kips; 
and 0.3384 kips per in. The loads this pile are 29.72 kips; 
214.43) 23.16 0.3384 39.3 in-kip. Assuming the allowable 
longitudinal load the pile kips, the criteria adequacy the 
foundation design (Eqs. 23a and 25) show that the value satisfactory, 
but that the value A’, excessive. 

All the data pertaining the foundation movements and the pile loads, 
obtained repeated solutions the problem different sets the pile 
ratios, are presented Table The results have been verified evaluating 
all the pile loads and checking them means the three equations 
statics. 


THE SOLUTION RESULTS 


may observed the outset that the range relative stiffnesses 
piles axial and lateral directions, implied the values various sets pile 
ratios Table very wide, extending all the way from zero value lateral 
resistance case lateral resistance value more than half great the 
axial resistance case 0.513). Some interesting and unexpected 
results become apparent from Table 


The most striking feature the excessive amount horizontal dis- 
placement the foundation, indicated the value which quantity 
greatly exceeds kips case very weak and partly weak soils. 
Therefore, according the lateral displacement criterion, Eq. 25, the founda- 
tion Fig. must deemed inadequate, except medium soil. This 
result may appear unexpected many engineers. 

Increase the lateral stiffness piles always leads increase the 
lateral pile loads may well expected. These loads are quite small, 
however, usually the order 0.5 kip 1.5 kips per pile, that their sum 
amounts from only 2.5 kips 7.5 kips per bent, against the external lateral 
load 39.375 kips. Although the effect the lateral pile resistances the 
carrying capacity the bent small, its effect the lateral rigidity the 
foundation tremendous. Thus, when the piles have lateral resistance 
(case Table 311.1 kips, but when (case 6a) 0.0294 and 
(that is, when the lateral pile resistance less than the axial 
resistance), A’, 54.90 kips, the lateral displacement the 
decreases six times. Thus, completely misleading and much more alarming 
picture the lateral foundation displacement obtained the lateral pile 
resistance ignored, even when quite small. 

Although the horizontal displacements the foundation, are always 
negative (that is, are always directed the left), the vertical displacements 
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4’, and the rotational movements vary direction, depending the pile-soil 
The combination these displacements sometimes results 
most baffling values the pile loads. 


Thus, one would naturally expect that the greatest axial load carried 
pile This the medium and weak soils, but the very weak soil, 
especially with the less rigid timber piles, pile becomes the one which loaded 
most. This condition particularly pronounced case piles completely 
devoid lateral resistance (case 1). Then the axial load pile 59.8 
kips, whereas pile only 23.5 kips. This striking result accentuated 
the negative axial load the adjacent pile and the positive load 12.7 
kips pile 

spite this apparent irregularity the pile loads different groups the 
loads the same group vary linearly. Thus, the loads pile are the mean 
between the load values piles and 


The greatest axial load when piles are endowed with lateral resistances 
weak, and even, some cases, very weak ground varies between 
kips and kips, and mostly acts pile This means that, when the 
lateral pile resistances are ignored (case 1), the greatest axial pile load ex- 
aggerated approximately 60%, and often wrong pile indicated carry- 
ing the maximum load. 

The constancy the maximum axial load for nearly all pile-soil com- 
binations also surprising. Apart from cases and involving very weak 
soil and flexible piles, the greatest variation this load amounts only 10%. 


comparing the more exact solutions based all three pile ratios with 
the approximate ones involving the same values and omitting the other 
ratios, the results the whole are quite favorable the approximate method. 
Both with respect the deformations and the pile loads, the two correspond- 
ing solutions most cases are related definite manner, which may pre- 
dicted few special cases this regularity broken, evidently 
because the peculiarities the combinations the pile ratios. These devi- 
ations are not serious, however, and the difference the results the two 
methods nearly always quite small. 


When the pile ratios and are ignored, the horizontal displacement 
the foundation usually increased amount close 10%, making the 
approximate method that much the safe side. one case very weak 
soil (case the approximate method about 28% the safe side. the 
other hand, the medium soils, and partly the weak soils, the approximate 
method somewhat underestimates the horizontal displacements, which under 
these conditions are all comparatively small. 

The values the lateral pile loads, nearly all cases, are found the 
approximate method slightly higher than the ones found the more 
exact method. the two cases which this relation reversed, the difference 
between the two methods very small, and may possibly attributed the 
errors computation. The amount which the lateral pile load found 


] 
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the approximate method exceeds the value found the exact method 
usually close 10%, although cases and this excess varies between 
15% and 30%. Except for cases and 13, involving rigid piles medium 
ground, all lateral pile loads are quite small. 

The greatest axial loads are usually slightly greater when found the 
approximate method, the difference varying between and 10%. 
verse true five cases, four which the approximate method the 
unsafe side from 4%, and one case (case 9), 10%. 


From these remarks may seen that, the whole, the approximate 
method compares favorably with the exact method within the limits the 
example considered—that is, for the assumed arrangement five-pile bent, 
carrying the specified forces, under virtually all possible conditions deforma- 
bility soil and piles. the extreme and rather rare discrepancies 10% 
the unsafe side and 28% the safe side should not considered 
able, however, verify this conclusion the examples some other pile 
arrangements and some other combinations the external forces and 


The approximate method analysis pile loads presented this paper 
has the following advantages: 


reasonably simple and not too laborious. 

free from the two common weaknesses other current methods 
analysis: Failure investigate the horizontal foundation displacement, which 
important the vertical displacement, and failure make allowance for 
the lateral pile resistance, which leads enormous exaggeration the 
lateral displacement accompanied sometimes drastic rearrangement 
the pile loads, thus leading entirely erroneous picture the mechanical 
behavior the foundation. 

The only physical property piles and soil involved the method 
the ratio which can determined simply the ratio the allowable 
lateral and axial pile loads, which data must known the designer, 
matter what method analysis prepared use. 

The error involved disregarding the two minor pile ratios, and fs, 
present the more exact method, appears not excessive. 
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DISCUSSION 


ASCE.—In his desire make the method analysis 
simpler use, Professor Hrennikoff has introduced reduced foundation con- 
stants into the basic equations equilibrium from which the pile loads are more 
easily determined, and has developed criterion, A’, (Eq. 25), which 
presumably indicates the adequacy the design. Considering the cases 
Table for which and are zero (pin-ended piles), the criterion indicates 
that the even-numbered cases, 12a, are weaker than their respective odd- 
numbered counterparts, 13a. will subsequently shown that, con- 
sidering displacements only, the opposite true. Cases and must 
deemed inadequate because the allowable axial pile load kips has been 
exceeded. 

The actual displacements the foundation are inverse function 
Thus, the piles were infinitely rigid axially case approximated very 
short piles driven rock), the lateral displacement the foundation even 
case would zero, since, Eq. lla, Furthermore, con- 
sidering the example Fig. assumed that the axial displacement 
the pile —3/80 in., one tenth the original value, follows that the lateral 
displacement the foundation will reduced one tenth 0.928 in., 
0.093 in. Most designers would probably decide that the foundation was 
adequate for both load and lateral displacement, even though the latter was 
2.6 times great the vertical displacement. The examples illustrate the 
important fact mentioned the author, but insufficiently emphasized, that 
the pile loads are functions the values the pile constants (pile 
whereas the foundation displacements are functions the 
values these constants. Since the adequacy foundation determined 
both the pile loads and the foundation displacements, the designer must 
establish the absolute values accurately possible for any particular design. 

Dividing through the reduced foundation movements Table the 
values from Table the actual foundation movements are obtained and 
retaining wall the inner face also given, assuming that the wall rotates 
rigid body. The elastic deformation the stem would have added the 
lateral movement shown obtain the final displacement the top the wall. 

solution the pile loads obtained the conventional method for 
vertical pile groups using Eq. 16, and part the transverse shear assumed 
carried the horizontal components the axial loads the batter piles, 
the resulting axial loads are practically the same those shown for cases 
and 13a. The unbalanced transverse shear, indicated these cases, 
could assumed carried the vertical piles only. Therefore, the con- 
ventional method analysis, with this slight modification, may considered 
for “medium” soils. addition, the lateral movement the 
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foundation given the expression: 


tions 

There 

Howe 

which the unbalanced transverse shear carried one vertical pile. porta: 
The error the interpretation the results Table due the faulty 
definition the value the ratio the allowable lateral load the fro 
allowable axial load the pile, and the use this value developing the 

the 

FounDATION MovEMENTS Movements at Top or Wait 


ne (in.) (radians) (in.) i It 


allow 

pand 

does 

appr 

pres 

criterion. This definition arbitrarily assumes that the allowable transverse 
and vertical displacements the pile head are the same. For example, for 
timber piles medium soil, this results value for case 1.18 and 
kips and for case 10.4 kips. There reason why the value 
should not the same the two cases, since the pile and the soil are the same. 
The discrepancy indicates that general the allowable lateral displacement 
the pile will not equal the allowable vertical displacement. Hence the proc 
value originally defined Eq. 8a, should used the analysis, and the 
criteria Eqs. should used determine the adequacy the foundation. 
Despite these criticisms, Professor Hrennikoff has made notable contribution 
the analysis pile foundations. top 

Owen Assoc. ASCE.—Because the variable physical and 
mechanical properties soils the actual forces induced piled foundations 
cannot predicted with any considerable degree accuracy matter how the 
mathematically refined the analysis; yet, until rigorous solution—even though 
based inevitably certain simplifying assumptions—has been made, the degree 
inaccuracy inherent empirical expressions formulas, based assump- 
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tions which are obviously not realized practice, can only surmised. 
Therefore, Mr. Hrennikoff’s analysis the effect fixity the heads piles 
embedded footings supported nonparallel piles considerable value. 
However, the particular example presented the author exaggerates the im- 
portance neglecting the lateral resistance the piles, for not only are the 
piles spaced exceptionally close centers but the passive resistance the soil 
front the retaining wall neglected. 

Under the heading the Solution Results,” paragraph the 
states that the effect the lateral pile resistances the carrying 
the bent small but that their effect the lateral rigidity the 
foundation tremendous; for the particular example presented the paper 
the lateral displacement shown reduced six times lateral pile re- 
sistance which less than the axial resistance. view this condition 
must observed that most foundations will have deep capping the piles 
capable providing resistance somewhat greater than the aforementioned 3%. 

should observed that under certain conditions inadmissible 
allow for any lateral resistance the piles—for instance, where piles supporting 
relieving platforms sheet pile bulkheads are located within the zone ex- 
panding soil immediately behind the wall. 

Under the heading, Methods the author states that 
the method developed Swedish for vertical piles loaded laterally, 
does not give method for determining the unknown depth the point 
Another paper, however, Donald Hamish describes 
approximate graphical method, and analytical solution the problem 
presented the the written discussion Mr. Little’s paper. 


Assoc. ASCE.—A retaining wall supported 
wholly vertical piles subjected translation and forward rotation about 
the toe. With batter piles present, however, the wall subject translation 
and backward rotation about the heel. This latter condition brought about 
the upward push the heads the batter piles, resulting from their rota- 
tion about instantaneous center the piles bend. 

With the usual 30° batter, forward translation the pile head will 
produce upward movement 0.577 times the horizontal movement. Since 
the height the wall usually about 2.2 times the base, the wall will tilt back- 
ward amount equal 2.2 times the upward movement the toe. 
follows that, with forward translation, (Fig. 14), the backward tilt the 
top the wall will 2.2 0.577 1.27 about 25% more than the 
forward movement the base. 

The problem relating these relative displacements the pressures de- 
veloped may viewed three ways: First, the entire earth wedge behind 
the wall considered move forward with the displacement the base 
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the wall, but compressed the backward tilt, then the relative backward 
movement the top the wall against the earth rather than 

The other extreme would assume that the plastic flow the earth 
mass occurs only where the permits, that only active pressure 
exerted the wall except for the small section the top where the absolute 
movement the wall backward, with maximum z/4 the 

third action conceivable assuming cylindrical surface shear 
failure from the heel the wall the surface the fill, with the axis rotation 
the wall top (see Fig. 15). This would impose more than active pressure 
the vertical wall, but such assumption has doubtful validity, especially 
since the axis rotation also has vertical translation. 

seems likely either that the true condition intermediate between the 
first two, that mean all three, with the several components having 
variable weights for different types soil, but that, any case, some passive 
earth pressure developed the wall when batter piles are used. 


x Vertical 


More 

Deflected Translation i More-Than- Horizontal Pressure 
wel 7 Original Position ; Active Vertical 
Batter ¥ . / Active Horizontal 
30° Horizontal 
Translation 


When the horizontal translation sufficiently great, uplift developed 
the most forward vertical pile. this case, even the pressure, excess 
all the active horizontal pressure that can developed, neglected (as the 
author has done), some passive pressure must developed the upper surface 
the base. 

Taking into account the passive pressure developed against the back the 
vertical wall, all the vertical piles may hung from the base, result 
which some greater-than-active pressure (Fig. 16) would develop along the 
entire top surface the base. The only relief from this condition that 
derived from the axial compression the batter piles; but, the case here 
considered, the depression caused less than the rise caused the forward 
translation the batter pile head. 

summary, would appear that the author has not considered the 
opment horizontal and vertical passive earth pressures the case walls 
supported partly batter piles, far such pressures affect the 
bution pile loads and the stresses the wall. 

Such pressures are generated, any rate, the period during which the 
piles are developing deflections corresponding the maximum earth 
Possibly, after the lapse sufficient time, some the passive resistance may 
leach away through the continued operation plastic adjustments the 
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internal structure the soi] (such permanent consolidation), with the 
result that intensities equivalent active pressures are approached all 
points; nevertheless, reasonable assume that least some the pressure 
intensities excess active pressure will remain elastic compression 
the soil. 


Assoc. ASCE.—The misunderstanding that led 
the criticism voiced Mr. Karol regrettable. The writer’s sole reason for 
computing the approximate numerical values the pile stiffness factors 
and for different piles and soils, was establish the range the 
pile ratios for the purpose demonstrating that the error involved the 
approximate theory (based single pile ratio small when 
compared the more exact theory, under virtually all possible pile-soil condi- 
tions (see under the heading, Formulas for the Pile Constants’’). 
Onee the pile ratios are established there need back the stiffness 
factors, since the ratios and not the stiffness factors which determine the 
distribution loads among the piles given bent. 

Accordingly, his example, the writer makes use the computed pile 
ratios, but not the stiffness factors. the paragraph immediately pre- 
Table stated that the allowable axial pile load all the cases 
Table assumed the same—namely, kips. From the 
viewpoint expounded the writer, this assumption denotes that, all cases, 
the piles are equally deformable axially—that is, they possess equal axial 


factors Their principal pile ratios therefore, are directly 


proportional the lateral stiffness factors ts; consequently, case 2a, which has 
than case 3a, involves lower lateral stiffness and more dangerous 
the stability the foundation than case 3a, indicated Table 

comparing cases and 3a, Mr. Karol assumes that they both involve 
the same lateral stiffness factors and that smaller value case 
that case the safest; but, under the conditions prescribed 
Mr. Karol, would incorrect assign the same values the allowable 
load both cases, done and explicitly stated the writer. Table 
its subsequent interpretation are affected the same misunderstanding. 

connection with Mr. Lake’s discussion, the writer wishes point out 
that progress, can made, the analysis complex engineering problems, 
considering all the factors their entirety. The proper approach 
the individual factors and account for them one one. The 
problem was limited solely the analysis pile behavior founda- 
under known set loads, and did not extend consideration 
factors affecting these loads. 

Mr. Lake quite correct stating that the variable passive pressure 
the pile cap would contribute substantially the safety the piles. 
The writer admittedly did not consider this factor. Moreover, even had 
how allow for this variation the passive pressure, would have 
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excluded intentionally from his example order not obscure the picture 
pile response the known loads extraneous factor associated with varia- 
tion one these loads. actual design, all means, the passive 
resistance must allowed for the best manner known; but this has 
bearing the theory pile analysis presented. Likewise, the writer’s state- 
ment (borne out the results the example discussed) the effect that 
the lateral pile resistance, even when very small, has tremendous effect 
the lateral stiffness the bent, not invalidated the fact that certain 
variable factor (the increased passive pressure the cap) may also contribute 
substantial manner the stiffness the bent. 

Incidentally, the passive resistance expressed known linear function 
the horizontal cap displacement A,, the solution Eqs. and the 
putation the pile loads and displacements are not complicated any way, 
compared with computations the example presented. Even the passive 
pressure the cap were expressible known nonlinear function 
could still solved without much extra trouble few successive 
approximations. 

Although the effect the passive earth pressure the resistance the 
foundation lateral loads significant, must not overrated, there 
would need for either the lateral pile resistance the batter piles pile 
foundations. 

One must agree with Mr. Lake that there are cases which not safe 
rely even small lateral pile resistance; but one must not ignore the 
necessity determining the lateral displacement the bent. The writer’s 
method convenient for computing that displacement. 

The paper Donald Hamish and Mr. Lake’s discussion 
deal with the design “dolphin” piles, whose long projection into open water 
distinguishes them sharply from foundation piles. the former the lateral 
deflection advantage and the bending stress matter primary con- 
cern, whereas the latter the deflection major fault, and the bending stress, 

Mr. Lake made the following assumptions connection with his method: 


The pile acted upon the passive pressure front and the active 
pressure the back, determined the classical Rankine theory pressure 
exerted cohesionless materials walls (observe that the walls and 
not the piles). 

The side friction the pile allowed for judgment manner not 
explained. distinction seems made between round and square piles. 

The earth pressure full passive and active intensity assumed act 
for limited depth along the pile, length necessary give the pile complete 
fixation, with earth pressure extending farther down. 


All these assumptions seem rather arbitrary, and, although 
possible that the effect errors resulting from them may not great 
application the long free-standing “dolphin” piles, the adaptation the 
method the foundation piles embedded earth does not appear likely 
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produce satisfactory results. Furthermore, the method would involve 
greater number constants describing each particular pile condition than the 
single constant used the writer—the principal pile ratio, 

his discussion restricted consideration the example the retaining 
wall analyzed the writer, Mr. Murphy examines qualitatively the effects 
the displacement the base slab the wall the variation values 
the active and passive pressures exerted the earth the structure. Al- 
though substantial agreement with Mr. Murphy’s conclusions, the writer 
still feels justified ignoring, his example, the variations the earth pressure 
for the reasons explained connection with Mr. Lake’s discussion. 
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WIND STRESSES SEMI-RIGID CONNECTIONS 
STEEL FRAMEWORK 


BASIL 


AND 


SyNopsis 


Much has been written wind stresses general and also stresses 
semi-rigid framework. Some disagreement remains, however, how com- 
bine the stresses due gravity loads with those due wind the connections 
semi-rigid framework, particularly when the connections are stressed beyond 
the yield point bending. the semi-rigid connections are often allowed 
work beyond the yield point, this question importance. This paper pre- 
sents theoretical discussion stresses under these conditions, and derives 
general conclusions applicable rectangular framework. 


INTRODUCTION 


Connections windbracing beams steel framework are often encountered 
practice, such beams are used when X-bracing cannot used because 
clearances, when the stiffening effect walls partitions considered 
insufficient, and when, the same time, the horizontal forces are sufficient 
magnitude warrant taking special provisions resist their action. Where 
wind connections are used the bents simple framework the girders are 
usually connected the columns top and bottom angles tees 
within certain limits the change angle between the girders and the 
columns. Therefore, the connections are the semi-rigid type and the study 
stresses them necessitates analysis semi-rigid framework. 

Study the stresses semi-rigid framework has been receiving attention 
for many years, and many methods analysis, both exact and approximate, 
have been developed. However, there are few data the manner combin- 
ing wind stresses with gravity stresses, and there considerable disagreement 
among designers this point. 

its 1946 the American Institute Steel Construction (AISC) 
recommends that wind connections adequate resist moments induced 
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gravity loads and wind loads the increased wind stresses permitted therefor, 
that the connections carrying wind moments designed that larger 
moments induced the gravity loads under the actual conditions restraint 
will relieved deformation the connecting material without overstress 
the welds. Many designers, however, use approximate method which 
the stresses due gravity loads are entirely neglected and the connections are 
designed for wind moments alone. Other designers take the opposing view 
and recommend that the connections designed for the algebraical sum 
stresses caused gravity loads and wind loads computed independently 
each other with the assumption each case that the connections act elastically. 

Although the last two views seem contradict each other, each one may 
hold true for certain degree flexibility the connections. When the con- 
nections are very flexible—that is, they can undergo large inelastic deforma- 
tions without failure—it may permissible neglect the effect gravity 
loads. the other hand, the breaking point reached comparatively 
small deformation beyond the elastic limit, both the gravity loads and the 
wind loads must considered. 

The purpose this paper analyze the manner which gravity stresses 
are combined with wind stresses after the elastic limit has been reached. 


Available data the design semi-rigid frames can divided into two 
sections for examination: (a) The properties semi-rigid connections, and 
the analysis and design semi-rigid framework. 

Properties Semi-Rigid Connections.—The deformation semi-rigid con- 
nection too complex determined mathematically. fact, depends 
the deflection the top and bottom angles tees, the deflection the 
column flange which may connected, and the deformation and possible 
slip the shear rivets. The last factor cannot represented simple 
mathematical expression. Therefore, the experimental determination stress- 
strain curves the type given Charles ASCE, and 
Brandes, Jun. ASCE, and Assoc. ASCE, value. 

The stress-strain curves are plotted with the moment acting the con- 
nection ordinate and the rotation the connection abscissa. These 
curves have generally parabolic shape (Fig. 1), the rotation ceasing 
proportional the moment rather low values the moment, that for 
most the length the curve the slope, 1/Z, not constant. However, 
certain value the moment the change small and the connection 
within these limits may considered elastic. rule, the curves 
not show definite yield point comparable the one that appears the 
stress-strain curves steel tested tension, and the variation progres- 
sive. When the connection loaded point such (Fig. and then 
unloaded, the representative point travels along line CC’, which practically 


straight. Some irregularities occur this line, however, especially the 

we. Properties of Riveted Connections,’ by J. Charles Rathbun, Transactions, ASCE, Vol. 101, 
36, 
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vicinity point C’, where the moment zero, and are probably due the 
slip that occurs the rivets when the load reversed. All unloading lines 
connection are closely parallel each other, and the value the un- 
loading lines depends but little the point reached during loading. 
parently, not many tests have been made the behavior 
connection under the reversal moment, the 
fatigue strength connection. Professor Rathbun? 
gives stress-strain curves two specimens under re- 
versal moment. These curves show that after the 
connection unloaded along line such CC’ (Fig. 
and the moment reversed, the stress-strain curve 
under negative moment somewhat similar the 
original loading curve; that is, the slope the curve 
decreases gradually with the increase the negative 
moment. After reaching point such this 
curve, the connection again unloaded—that is, 
the negative moment reduced—the new unloading 
closely parallel the unloading line CC’. the load 
reversed, the corresponding curve closely similar loading 
curve OC. 

Analysis and Design Semi-Rigid Framework.—The various methods 
analysis and design may classified into two types depending whether 
not the rotation the connections assumed proportional the moment. 

the first case, which the rotation the connections assumed 
proportional the moment, the structure whole, including connections, 
section between the end the beam and the face the column, the effect 
which the inverse the effect produced end haunches added cover 
plates. The structure whole therefore rigid frame comprising number 
locally weakened sections, and the ordinary methods analysis rigid 
frames, such the slope-deflection method the moment-distribution method, 
are applicable. However, the stiffness and distribution factors must ad- 
justed provide for the local weakening sections 

the second case, since the stress-strain curves have simple mathe- 
matical expression, the structure must analyzed either successive approxi- 


Moment 


Angle Change 


ANALYSIS GRAVITY AND WIND CONNECTIONS 
BEYOND THE PROPORTIONAL LIMIT 


The types design methods previously mentioned are rather complicated 
and time consuming their application, and they assume that the properties 
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the connections are well known, These properties, however, are known only 
the case few typical connections, and even for these connections they 
depend the history the connection—that is, the previous loading the 
connection has sustained and the permanent set may have taken. There- 
fore, too much refinement the analysis not warranted. 

20% steel can made using semi-rigid connections place standard 
connections. practice, however, the semi-rigid connections are used mostly 
resist side loads only, the possible saving steel being secondary impor- 
tance. seems, therefore, that would useful have design method 
that would permit checking connection for overstress under the combination 
gravity and side loads without going through the process exact determina- 
tion the stresses caused gravity loads. The usual design method, which 
neglects entirely the stresses from gravity loads, this type. Its drawback, 
however, that may open question just why the frame should 
considered rigid for side loads and, the same time, pin connected for 
gravity loads. 

the following analysis, which attempt made determine the 
limits within which the usual design method justifiable, assumed that: 


The stress-strain diagram the general type shown Fig. although 
the exact shape and the numerical relationship between the angle rotation 
and the corresponding moment may not known for all points the curve. 

The connection can undergo considerable deformation without failure. 
The connections described Professor and Mr. Brandes and 
Professor Mains‘ are this type. However, the connection made more 
rigid welding, using splice plates instead top angles, other 
methods, the frame will classified rigid frame rather than semi-rigid 
one, and the analysis will not apply. 


assumed first that the moments the connections due the combina- 
tion gravity and side loads are small enough that the rotations can 
considered proportional the moments. this case, the structure 
whole elastic and the moments can obtained one the standard 
methods analysis rigid frames, taking into account the local reduction 
the rigidity the beams the connections. Under these conditions, obvi- 
ously, the stress from the side loads may computed independently and added 
algebraically the stress caused the gravity loads obtain the total stress. 
the total stress exceeds the proportional limit, the rigid frame method not 
applicable; but the frame not necessarily unsafe, certain amount 
nonelastic deformation acceptable semi-rigid frames. order visualize 
what happens semi-rigid frames which the connections are stressed beyond 
the proportional limit, two examples are analyzed: First, preliminary example 
symmetrical rectangular frame under symmetrical gravity loads and side 
load; and, second, semi-rigid frame under gravity loads and 
side loads. assumed both cases that the connections are stressed above 
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the proportional limit under gravity loads alone, and that the side load enhances 
this condition. The same analysis holds, however, the connections are 
stressed below the proportional limit under gravity loads and the proportional 
limit exceeded only when the side load applied. both cases, as- 
sumed also that the side load may act either direction; that is, may 
reversed after being applied given direction, then removed and reapplied 
either direction. 

Symmetrical Rectangular Frame Under Symmetrical Vertical Load and Side 
Load.—In rectangular bent ABB’A’ under symmetrical vertical load (Fig. 
2(a)), because the partial restraint the connections and there 


restraining moment these connections. Therefore, there will also 
equal and opposite shearing forces the columns. The state the con- 
nections may represented the point the stress-strain diagram (Fig. 


Moment, in Inch-Kips 
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3). This point, and Mo, can determined either successive approximations 

now assumed that side load applied point The angle 
point will open quantity and the moment will decrease and 
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become The point representing the connection will move 
the return branch the stress-strain curve. this line practically 
straight, 


Similarly, the angle point will close quantity a2, and the moment will 
and become The point representing the connec- 
tion will move the original stress-strain curve. may as- 
sumed that the section the curve practically straight, that 


The angle changes and also can determined from the deflection 
the structure due moments and ordinary formulas the 
strength materials. Thus, 


a= (sd t Mu tag Me (2a) 
and 
Eliminating and from Eqs. and 


Because the side loads the shear point will decrease and the 
shear point will increase The total variation equal the 
side load that 


Mia 


From Eqs. and possible derive 
Mia 1 + Mis/Mia (5a) 
and 


means that the side load mostly decreases the moment point whereas the 
increase moment point comparatively small. should noted that 
the connections point and point were rigid—that is, the case 
rigid frame—the decrease the moment would equal the increase 
moment and would have the value This shows that the increase 
moment connection caused the side load smaller semi-rigid 
frame than rigid frame the same dimensions and subject the same load. 
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next assumed that the side load isremoved. The frame will sway back, 
but will not reach the original position because has undergone plastic 
deformation when the side load was first applied. The point representing the 
connection point will travel from the return branch the 
stress-strain curve (Fig. 3); the point representing the connection point 
will travel from Both connections act elastically. The total varia- 
tion moment 
(6) 


and divided equally between the two connections. seen that the mo- 
ments restraining the beam and become smaller than they were before 
application and removal the side load, their value becoming 


This means that restraining moments are depended reduce the stress 
the middle the beam, done the rigid frames, should remembered 
that the restraining moments are reduced, and, consequently, the factor 
safety the midspan the beam also reduced, because the application 
and subsequent removal side load. the side load again applied 
the same direction, the connections will again act elastically, and the points 
reached the stress-strain curve will again and 

the contrary, from the unloaded position the side load applied 
the direction opposite the first load—that is, the direction BA—the mo- 
ment the connection point will increase and the moment the connec- 
tion point will decrease. The point representing the connection will 
move from along the elastic line, then the plastic line, The 
point representing the connection will move from the elastic 
line, reaching point when point reached the point representing the 
connection When points and are reached, the total change 
moment both connections M/2) and there remains moment 


which will taken the movement the representative points from 
and from Bs, respectively. the connection point acts 
plastically from point on, this remaining moment will distributed between 
the connections point and point the ratio that the 
increment moment the connection point for the movement from 
and the decrement the moment the connection point 
for the movement from will determined 


and 
Thus, 


an 
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and 


Eqs. determine the location points and and therefore the moments 
the connections this time. 

the side load now removed, the frame will sway back the direction 
AB, the moment the connection point will decrease, and the representa- 
tive point will move from Also, the moment the connection 
will increase and the representative point will move from By. Both 
connections behave elastically, that the variation moment M/2 each 
connection. will seen that the moment restraining the beam points 
and decreased still further and becomes 


From points and the side load can again applied either direction 
direction BA. Both connections will work elastically, the representative 
points moving from and from for the load the direction BA, 
from and from for the load the direction AB. addi- 
tional plastic deformation will occur during these and subsequent loadings. 
From the preceding may deduced that: 


Mo+ 


The maximum increase moment the connections due side load 
Mig determined Eqs. and and smaller than the increase M/2 
which would occur the frame were perfectly elastic and the moment due 
side load were algebraically added the moment due gravity load considered 
Uniform Load on Beam 
1850 per 


P=4333 


The moments restraining the beam and decrease because the 
application, reversal, and removal the side load, the value these reduced 
moments being given Eq. 11. 

After the first application, reversal, and removal the side load, the 
connections act elastically, and the increment decrement moment each 
connection M/2, counted from the mean value moment given Eq. 11, 


rather than from the original restraining moment caused the gravity 
loads only. 


Numerical Example.—The frame analyzed shown Fig. 
simplify computations, the columns are assumed perfectly rigid. The 


re 
1 


WIND 


stress-strain diagram the connection shown Fig. which taken from 
Professor specimen 10. The following computations are 
explanatory: 


Fixed-end moment 1,850 20? 12/12 740 in-kips 

Free-end rotation wP/24 
0.0145 radian 


Fig. beam line, ab, determines the actual end moment 435 in-kips. 
Assume that the side load such that point reached the point represent- 
ing the connection that is, the total moment the connection point 
From the return line the stress-strain diagram 0.755 radians 

radians. The ratio wind moments 
(6.15 1.96) 0.333. For the assumed 130 in-kips, found that 
390 in-kips and 520 in-kips. Note that the connections were 
assumed elastic, Mig Mia 520/2 260 in-kips. The slope the 
line slightly different from the slope Assume that the two 
slopes are equal that may used. The final end restraint moment 
then 435 520/2 240 in-kips instead the original 435 
in-kips, reduction 55% its original value. 

General Case Semi-Rigid Framework Under Vertical Loads and Side Loads, 
—Under gravity loads, the connections semi-rigid framework rule will 
exert restraining moments the beams. When side loads are applied, these 
moments are changed. some the connections the moments are increased 
because the side loads, and other connections the moments are reduced. 
For example, the frame shown Fig. there are negative moments the con- 
load applied, the frame tends sway the direction and therefore 
the moments the connections and will increased whereas the mo- 
ments the connections and are decreased. assumed that the 
curves Figs. 6(a) and 6(b) show the stress-strain diagrams two typical 
connections and and that the connection typical all the con- 
nections which the moment increased because side load acting 
given direction, whereas the connection typical all the connections 
which the moment decreased because this load. Suppose that points 
(Fig. 6(a)) and (Fig. are reached these diagrams under vertical load 
only. When load applied, the moment the connection point 
increased, and the new point reached will located the original stress- 
strain curve. the same time the moment the connection point 
decreased and the new point reached will located the return branch 
the diagram. 

Now assume that the side load removed. The moment the connection 
point decreased and the new point reached the diagram 


per in-kip, and from the properties the beam 
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the return branch from Similarly, the moment the connection point 
increased and the new point reached the diagram During un- 
loading, the rigidity the connection point practically the same 
during loading, but the rigidity the connection point greater during 


Moment 


H Angie Change 


(a) 


unloading than during loading. Therefore, the variation moment during 
unloading not the same during loading, and the state the connections 
after the side load removed not the same was before the side load was 
applied. This new state represented points and instead 
points Bo. seen, incidentally, that the restraining moment the 
ends the beams becomes smaller after the side load has been applied and 
subsequently removed. 

applying the side load again the same direction the original load, 
the moment the connection point increases and the representative point 
moves from the other side, the moment the connection 
point decreased and the point moves from The structure will 
then the same state loading, stress, and deformation when the side 
load was first applied. There additional plastic deformation, and the load 
can again removed and applied without further plastic deformation. 

Suppose now that the horizontally unloaded structure there applied 
side load the same intensity the original side load, but opposite direction. 
The moment the connection point will decrease, and the representative 
point will move from The moment the connection point will 
increase and the point will move from toward Bo, possibly going beyond 
the plastic line. The structure may therefore undergo additional 
plastic deformation. When the structure unloaded, the representative 
points will move, respectively, and During this unloading the 
rigidity the connections not the same during loading and therefore there 
will remain residual strain, the point being below the point seen 
again that the restraining moment against gravity loads further reduced, 
and that, before, the structure can again loaded the same directions 
and unloaded without any new plastic deformation, the representative points 
traveling, respectively, between and and between and If, how- 
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ever, from the last unloaded state the structure loaded the same direction 
the original load—that is, the direction opposite the load just discussed 
—the moment the connection point will increase and the representative 
point will move from As. The moment the connection point will 
decrease and the representative point will move from Bs. Both 
tions will act elastically, and therefore the distance equal since 
the movement from and from both connections were also 
acting elastically. Therefore, point below the elastic line. 

Let (Fig. 6(a)) and (Fig. 6(b)) the variation moments 
the connections point and point respectively, due the side load, 
the case when all connections the structure are acting elastically. Also, 
let (Fig. 6(a)) and (Fig. the proportional limits the 
stress-strain diagram below the line zero moments. Furthermore, let 
Man, and the total moments corresponding points 

Referring Fig. 6(b), the lowermost point, Bs, will still within the elastic 


(12a) 
this condition becomes 


Point was assumed beyond the proportional limit; that is, 
therefore, point will within the elastic range the line 


Fig. 6(a), the lowermost point, will still within the elastic range 


or 


greater than not. Therefore, the conclusion arrived for the con- 
nection point does not necessarily hold for the connection point 

Assume now that outside the elastic range, shown Fig. 
Then will within the elastic range the line 


ti 
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that is, 
or 


Therefore, after the first horizontal load applied, reversed, and removed, 
the connections will work within the elastic range for all subsequent applica- 
tions load magnitude not exceeding the original load provided that 


and 


some cases, the connections may work within the elastic range even these 
conditions are not satisfied. 

the preceding was assumed that points and were reached without 
failure the connections. This assumption justified only case the con- 
nections can undergo large deformations before failure. seen that 
and that therefore the maximum increment moment the connection 
smaller than the increment computed the assumption that the connections 
are elastic. Likewise, seen that below and below and, 
therefore, that the wind load moments tend reduce the restraining moment 
the ends the beams. 


CoNCLUSIONS 


Further experimental determination the behavior semi-rigid connec- 
tions under reversing moments will helpful establishing correct design 
method. Assuming, however, that the connections can safely sustain repeated 
reversing stresses not exceeding certain percentage the proportional limit 
the connections hardened the initial strain, the following conclusions may 
drawn: 


(1) When connections are stressed beyond the proportional limit, the dis- 
tribution wind moments not the same would the connections 
were elastic. The increments moments above those due gravity loads 
are smaller, whereas the decrements are larger. 

(2) The moments restraining the ends beams against gravity loads are 
reduced after wind loads have been applied and removed. 

(3) checking the strength connections desirable analyze mo- 
ments caused gravity loads well those caused wind load. However, 
the connections are such that they can undergo large inelastic deformations 
without failure, will found that, the connections are adequate resist 
wind stress moments alone design stresses computed the assumption that 
the connections are elastic, they are also adequate for the combination 
gravity loads and wind loads. 
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DISCUSSION 


beam-line method for solving problems frameworks 
having rigid, elastic, nonelastic connections, which Mr. Sourochnikoff makes 
some use his paper, was first given three papers the Reports the 
Steel Structures Research Committee Since then has been 
greatly extended, and, particular, has been applied problems involving 


sway. 
| (a) 


t = 
Fia. 


The writer proposes confine this discussion consideration its 
application rectangular portal frame hinged the feet, having nonelastic 
connections between the beam and the stanchions and subjected vertical 
and side loads, since this the main subject Mr. Sourochnikoff’s paper. 

Consider beam (Fig. 7(a)) loaded any manner and partly re- 
strained the ends moments and and let and the slopes 
the ends the beam. and are the moments necessary reduce 
the slopes the ends zero, the beam may regarded having been 
initially restrained this manner and the moments gradually lowered 
given which the area the shaded part the diagram (Fig. 
the distance its centroid from and the relevant second 
moment area the beam. Thus, 


and 


1 Prof., Dept. of Civ. Eng., Univ. of Birmingham, Birmingham, England. 
Steel Structures Research Coramittee, Dept. Scientific and Industrial Research Great Britain, 
Stationery Office, London, England, 1934, 94. 

12 **The Analysis of the Moments in the Members of a Frame Having Rigid or Semi-Rigid Connections, 
Under Vertical Loads,’’ by C. Batho and H. C. Rowan, ibid., p. 177. 

Analysis and Design Beams Under Given End Batho, Final Rept., Steel 
Structures Research Committee, Dept. Scientific and Industrial Research Great Britain, 
Stationery Office, London, England, 1936, p. 364. 
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which the length the beam. This leads the equations 


and 


which the stiffness the beam. adding and subtracting Eqs. 
18, two further equations may obtained: 


and 


Eq. the equation straight line connecting the mean the bending 
moments the ends and the mean the slopes, and called the mean beam 
line. Eq. the equation another straight line connecting the difference 
the moments the ends and the difference the slopes, and called the 
difference beam line (see, subsequently, Fig. 10). They were first given the 
Final Report the the restraining moments are equal and the 
loading symmetrical, they reduce the one equation: 


which the equation the original beam line introduced interpret the 
results experiments beam and column this beam 
line that Mr. Sourochnikoff has used his example (see under the heading, 
“Analysis Gravity and Wind Stresses Connections Working Beyond the 
Proportional Limit: Symmetrical Rectangular Frame Under Symmetrical 
Vertical Load and Side 

Now consider the portal frame ABCD hinged the base (Fig. 8). Let the 
relation between the moment, and the angular deformation, the con- 
nection (which supposed known from experiment) shown 
Fig. for end the beam. The unloading line assumed straight. 
the columns were rigid this would give the relation between the slope end 
the beam, and the restraining moment will called the restraint 
line the connection. The attached member elastic, however, and since 
pinned the foot, the restraint line for this member will 


which the stiffness the column. The resultant restraint line 
obtained adding together the abscissas these restraint lines. 

The restraint line for end (Fig. found similar manner. For 
the purpose the following graphical constructions this line reversed and 
drawn from the same origin the restraint line for (Fig. 9(c)). 

sidesway occurs, the horizontal movements ends and must 
equal and the same direction, and, the members and are the 
same length, the angles sway and must equal. Further, since 
the vertical members are pinned ends and sway does not produce any 
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deformation these members. Therefore the effect sway may repre- 
sented shifting the restraint line horizontally through distance equal 
the angle sway For sway the right both restraint lines are shifted 
the right, but, when the restraint line end reversed, Fig. 9(c), 
this will appear shift the left. 


particular example will now considered (Fig. 10). The restraint lines 
will assumed given the curves and and the mean and difference 
beam lines for given vertical loading the beam shown the figure. 

now necessary, the slope-deflection method and moment-distribu- 
tion method, determine the sway equation. there horizontal force 
acting must balanced the horizontal forces produced the 
moments Aand Therefore, with the convention signs for the moment 
the right, the right-hand side the equation becomes and 
there horizontal load zero. 

will seen from the foregoing that the conditions fulfilled are: 


(a) The shift the restraint line for end must equal and opposite 
that for end 
(b) The sway equation must satisfied; 


a 
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(c) and must accordance with the difference beam 
line; and 
(d) The mean the moments and must lie the mean beam line. 


From condition (c) follows that the relative position the points the 
6)-diagram (Fig. giving the moments and must the same 
given the difference beam line. For example, there horizontal load 
the left, the relevant points the difference beam-line diagram are 
and follows that straight line drawn between the points repre- 
senting and Fig. 10(a) must parallel and equal length the 


7 Mean beam -line slope 2EK 


+ 


Fis. 10 


radius vector the difference beam line. Further, from condition (d) 
must bisected the mean beam line. 

important keep mind that the end the radius vector the beam 
line related restraint line and the end the origin restraint line 
The behavior the frame under cycles loading will now considered. 


Horizontal Load—Moment must equal Mg. Determine 
the horizontal line the bounded the two restraint 
lines and bisected the mean beam line. The relevant radius vector the 
difference beam line OR. Set off half this each side the mean beam 
line, obtaining points These give the moments and the slopes ends 


= 
3 
e 
B B 
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and the beam. The horizontal distance from the restraint line 
the angle sway, ¢:, Condition fulfilled since this equal 
the distance from the restraint line The restraint lines now shift 

and the relevant radius vector the difference beam line OS. Under this 
loading the moment decreases; therefore, the unloading part the restraint 
line must used. Determine the line equal length and parallel 


Fie. 11 


OS, bisected the mean beam line and having its ends equidistant horizontally 
from restraint lines and B’. (This best done drawing the difference 
beam-line diagram tracing paper and superimposing the @)-dia- 
gram.) Lines and give the moments and slopes the ends the beam, 
and the additional sway produced the horizontal load shown the 
figure. The restraint lines are now Only the unloading part these 
lines shown the figure. 

Horizontal Load Removed—Moment once more equal 
Determine the horizontal line bounded the two unloading restraint lines and 


% 
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bisected the mean beam line and proceed for the case horizontal 
load (step 1). and give the moments and slopes the ends 
the beam. The reduction moment due the application and removal 
the side load evident from the figure. 

Horizontal Load the 

Horizontal Load Removed.—The method procedure has now been ex- 
plained and necessary give only the results. These are shown Fig. 11. 
One cycle loading has now been completed and will seen that steps and 
result further slight reduction the residual moments when the side load 
removed. 


Fria. 12 


Fig. also shows the effect succeeding cycles loading. order 

avoid confusion the sways are only indicated for point and some the 
construction lines are omitted. 

will seen that after the first cycle there slight change the 

ments produced the side load, but further reduction the moments when 


. 
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the load removed. The structure behaves elastically when the relevant 
restraint lines are the straight unloading lines. 

The horizontal movements the point application, the side load 
may found multiplying the height the frame, 

there vertical loads the beam, the side load large com- 
pared with the vertical loads, some the moments become negative, and 
necessary know the restraint lines for the connections under reversed 
moments. 

Simplified foregoing the complete solution the prob- 
lem. only the moments are required, simpler procedure, suggested the 
writer Francis, may adopted. 

This procedure shown Fig. 12. The points are obtained 
step and the unloading line for end not allowing for sway, drawn 
from Now draw two parallel lines and tracing paper making the 
vertical distance between them equal Ph. Line used con- 
junction with restraint line and line with restraint line the 
horizontal load the right, line must above line Also, draw 
third line midway between these lines. Superimpose these lines the 
diagram, keeping them parallel the and adjust them until the points 
the load removed the residual moments are given and bs. The ab- 
scissas the a-points and b-points not give the slopes the ends the 
beam since sway has not been taken into account. The ordinates give the 
correct values the moments because the sway shifts the restraint lines 
horizontally equal and opposite amounts. 

the example given Mr. Sourochnikoff and shown Fig. will 
seen from the foregoing that the restraint line shown really two coincident 
restraint lines superimposed, and the beam line becomes the mean beam 
line when sway occurs. means the foregoing simplified procedure, the 
moments may determined simpler and quicker manner than that 
employed Mr. Sourochnikoff. His results are substantially correct, but the 
line between corresponding points such and should bisected the 
beam line ab. Mr. Sourochnikoff begins taking arbitrary point and 
determines the side load corresponding it. the moments corresponding 
given side load were required, would presumably necessary use 
process trial and error. 

means the complete method given the beginning this discussion, 
which requires only little more time than the simplified procedure, the 
sway—which may some importance—may also determined. 

may added that the reduction the restraining moments the 
ends the beam produced the application and removal side load was 
the Final Report the 


The Effect Wind Loads Frames with Semi-Rigid Connections,” Baker and Leader 
Williams, Final Rept., Steel Structures Research Committee, Dept. of Scientific and Industrial Research 
of Great Britain, H. M. Stationery Office, London, England 1936,-:p.(434. 
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Assoc. ASCE.—The determination the actual 
strength semi-rigid connections depends (as the author states) the avail- 
ability experimentally determined empirical curves, one for each joint 
combination, assuming identical quality workmanship amd materials 
every case. Therefore, the problem discover what limiting assumptions 
will keep one the safe side uncertainty. 

Seldom does ordinary design procedure beyond computations for the ten- 
sion, bearing, and shear the rivets welds, while assuming the base material 
the members and the connection pieces 
fully nondeformable—despite full awareness, 
the designer, the flexibility and plasticity 
the parts standard connection. The frame 
(excluding wind bents) designed assuming zero 
end moments (that is, assuming that there 
restraint against the pulling away the top 
connection); and yet, subsequently, the super- 
imposed concrete floor designed the framing 
connections were fully continuous. Running 
cracks the concrete floor, along the steel girders 
which the steel floor beams are framed, are not 
unknown occurrences. They bear witness the 
ill effects this contrasting approach the de- ror 

sign different parts the same structure; and 
any effort correct this approach should en- 
couraged. 

The general type stress diagram for connections (Figs. and 6), which 
moments are plotted against angular deflections, might questioned the 
area positive negative increase from zero moment, demonstrated 
Fig. 13. analogous illustration would the free play the steering 
column car boat when the direction the turning force reversed. 
break the elastic curve, such this, would have considerable effect 
altering the distribution moments the structure where not all the joints 
would subjected reversal moment. Stress states and would 
then not identical. 

defining the conditions for keeping connection within the elastic range, 
the author’s association algebraic and absolute numbers may lead con- 
fusion. danger particularly apparent when one considers that given 
connection may have different elastic limits Fig. 13) for different direc- 
tions rotation. Eq. 12a would more mathematically precise the form: 


other words, algebraically greater than the negative the absolute 

value the elastic limit the joint when rotated the negative direction. 
Conclusions (1) and (2) are undeniably correct. Conclusion (3), however, 

qualitative conclusion within more less indeterminate limits; and 

caution required avoid its improper application specific cases. Judg- 
With Samborn, Steketee, Associates, Toledo, Ohio. 
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ment required estimating the capacity inherent the connection 
undergoing inelastic deformations without failure, and estimating 
the magnitude the inelastic deformations will required 
Furthermore, the statement that the connection for combined 
gravity and wind loads will found “adequacy” resist wind moments 
alone found, when the latter are computed assuming elasticity the con- 
nections, contingent, not only upon sufficient deformability the connection, 
but also upon sufficiently large ratio the wind moments those caused 
the gravity loads. Otherwise, windless climes, connections would 
required. This recognized the design specification that, any case, the 
connection for the gravity loads. 


his interesting and instructive discussion, Mr. 
Batho agrees substance with all the conclusions the paper. Considerable 
research the subject was done Mr. Batho and his associates, which was 
not available when the paper was being prepared. Mr. Batho’s treatment 
the line” probably simpler than the writer’s treatment, but this fact 
mainly academic interest practical designers will seldom find enough 
time make complete analysis the frame. The important conclusion 
that most cases gravity moments may neglected and connections can 
analyzed for wind moments alone the usual methods analysis elastic 
frames with reduced moment inertia the ends beams. 

The writer does not agree with the statement Mr. Murphy that may 
concluded from the paper that windless climes, connections 
would required.” Since moment connections alone are considered, the 
conclusion should that moment connections are required when wind 
not considered, which, course, obvious. The writer agrees with Mr. 
Murphy that irregularities the unloading line the vicinity zero moment 
may cause considerable error the determination moments. These irregu- 
larities, however, occur limited number connections only, and such con- 
nections should preferably avoided. 

any case, more experimental determination properties connections 
necessary before simple and reliable design method can established. 


“48 Structural Designer, Eng. Dept., E. I. du Pont de Nemours & Co., Wilmington, Del. 
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TRANSACTIONS 


Paper No. 2403 


MODERN CONCEPTS APPLIED 
CONCRETE AGGREGATE 


SYNOPSIS 


Aggregates influence the durability concrete through numerous physical 
and chemical properties, most important which are the size, continuity, and 
abundance internal voids; the bonding characteristics; and the alkali reac- 
tivity. instances, other properties, particularly swelling characteristics 
associated with water absorption, may cause distress actual deterioration 

Testing methods, currently applied, yield statistical but not specific cor- 
relations with serviceability aggregates; they not reveal the fundamental 
qualities which acceptance rejection individual aggregates should de- 
pend. The three most important properties are not determined even qualita- 
tively. The Bureau Reclamation (USBR) requires petrographic examina- 
tion all aggregates used construction its projects, particularly 
detect potential alkali reactivity the need for supplementary testing 
materials marginal quality. 

There great need for research develop new testing techniques, that 
reorientation acceptance specifications can consummated. 
the problem alkali reactivity, USBR, has developed chemical test 
detect potential reactivity aggregates; and the mechanism this type 
deterioration has been proved. Studies capillary phenomena rocks and 
concrete have revealed diagnostic relation between pore characteristics and 
freezing and thawing durability. Other properties aggregates, particularly 
bonding characteristics and volume change with wetting and drying, should 
investigated fully. 

Improvements testing aggregates must accompany improvements 
the quality cement, and the techniques mixing, placing, and curing 
theconcrete. Only this way will the full potentialities concrete realized. 


April, 1949, Proceedings. Positions and titles given are those effect when the 
paper or discussion was received for publication. 


' Chf., Div. of Research and Geology, Bureau of Reclamation, U.S. Dept. of the Interior, Denver, Colo. 
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INTRODUCTION 


The serviceability concrete depends many factors, among which are 
the quality the aggregate and cement and the methods fabrication, place- 
ment, and curing. With respect durability, present standard tests fail 
evaluate the quality aggregate properly. currently applied 
methods selecting materials demonstrated repeated cases poor 
service concrete resulting from some characteristic the aggregate; also, 
although less commonly, sound aggregates are rejected result accepted 
tests, thus entailing unnecessary expense for additional exploration the use 
more costly materials. 

The primary difficulty with present aggregate testing lies the concepts 
that strong and durable rocks necessarily contribute the strength and the 
durability concrete, and that weak rocks contribute directly unsoundness 
concrete. Standard tests are designed determine the quality aggregate 
rock—not component concrete—whereas experience shows that good 
rocks not always produce superior concrete, and weak rocks not always 
cause deterioration. 

Revised concepts aggregate testing the USBR regard the aggregates 
components concrete. Testing techniques must designed that will 
determine adequately the effect aggregate the properties concrete, 
satisfactory concrete produced consistently. 


Errect Rock PROPERTIES CONCRETE 


The properties aggregates include (a) those the individual particles, 
and (b) those characterizing the entire assemblage. The latter comprise grada- 
tion, moisture content, and bulk weight. They are easily determined and 
interpreted and will not considered here. The properties aggregates 
related the individual particles, their significance, and methods measuring 
them will discussed. 

The individual rock particles affect quality concrete through either phys- 
ical chemical processes. The physical properties aggregates are related 
particularly the mechanical and structural characteristics the aggregate 
particles, and lesser extent unusual characteristics component minerals 
—such ability swell and contract with wetting and drying. Chemical 
properties relate more specifically the stability the constituent minerals 
and rock substances while they are enclosed Portland cement. Conse- 
quently, the chemical and physical properties aggregate particles depend 
petrographic characteristics. rocks given type not always 
possess the same properties, for their properties can changed weathering 
solution rain ground water, fracturing and jointing related the 
geologic history the region. Thus, basalts can hard soft; and rhyolites 
can deleteriously reactive with high-alkali cements, they may innocuous 
the reactive glass has been crystallized into stable minerals metamorphic 
processes. Therefore, the quality aggregates must evaluated measure- 


ment certain chemical and physical properties which are significant 
concrete. 


oe 
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Size, Abundance, and Continuity Pores.—The voids spaces within solid 
materials exist several forms. They may isolated more less inter- 
vening impermeable material as, for example, gas bubbles (vesicles) glassy 
lavas like obsidian. They may ramifying passageways, approximately 
plane fissures, fractures. The voids rocks may empty partly com- 
pletely filled with chemically precipitated minerals such quartz, insoluble 
residues such clay. 

The size, abundance, and continuity the voids influence the physical and 
chemical stability the rock; they are the most important physical properties 
aggregate particles. These characteristics pores affect the strength 
any material; they control water absorption and permeability; and they deter- 
mine the quality bond with cement. Consequently, they control durability 
under freezing and thawing conditions and strongly influence the rate 
chemical alteration. 

The durability solid materials during freezing and thawing controlled 
the freedom with which they are permeated water. Obviously, materials 
which are impermeable are not disrupted freezing. However, highly porous, 
absorptive rocks likewise will not disrupted freezing progressive and 
proceeds slowly enough permit escape water excess that necessary 
fill the void spaces. Susceptible breakdown with freezing and thawing are 
rocks having those intermediate degrees permeability which allow water 
enter the material but not drain freely. Evidence the literature (1)? and 
experimentation the USBR indicate that, under natural conditions freez- 
ing, voids less than 0.005 diameter, and particularly those less than 0.004 
diameter, will drain effectively only hydrostatic pressures that exceed 
the tensile strengths some rocks and concrete. 

Important the durability concrete the relative size continuous 
voids the aggregate particles and those the hydrated cement paste. 
Unless the concrete remains under hydrostatic head, the water content the 
aggregate will controlled this relative pore size. Large voids the 
aggregate will drained water, even initially filled, through progressive 
withdrawal capillarity into the hydrating cement paste. Conversely, voids 
the aggregate smaller than those the cement paste will remain filled 
will tend become filled extraction water from the capillaries the 
cement paste. course, the relative size pores the cement paste might 
vary considerably with continued hydration alteration and dissolution. 

This interchange water between aggregate particles and cement paste 
may affect, significantly, the freezing and thawing durability concrete, be- 
cause the saturated particles will more susceptible breakdown than would 
unsaturated ones. Furthermore, large voids unsaturated aggregates will 
accommodate the water migrating through the concrete during progressive 
freezing, whereas voids filled with water voids very small size limited 
continuity might block the penetrable capillaries through which water ad- 
vancing during freezing, consequently causing rupture near the aggregate- 
to-paste contact (2). 


? Numerals in parentheses, thus: (1), refer to corresponding items in the Bibliography (see Appendix) 
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The relation size, abundance, and continuity voids bond the 
aggregate particle with cement will discussed subsequently. 

Bonding tenacity the bond between aggregate and ce- 
ment paste extremely important the quality concrete. The properties 
this aggregate-cement bond depend surface texture and chemical stability 
the aggregate. Chemical reactions that dissolve decompose (weaken) the 
aggregate obviously reduce strength bond, but reactions that form new 
compounds considerable strength and elasticity may weld the aggregate 
cement. Reactions the former type are exemplified particularly the 
reaction between aggregate and cement alkalies. Although they undoubtedly 
exist, reactions the latter type have not been identified. 


_Morsholl Ford aggregate -3" slump. 
CONSTANT WATER-CEMENT RATIO 


Note : Each point an average 
of three gravel to sand ratios. 


PERCENT OF CEMENT CONTENT 


° 1S 30 45 60 7S 90 100 
PERCENT CRUSHED MATERIAL IN GRAVEL 


Fre. 1 


Two aspects surface texture exert influence bond—the surface 
roughness and the pore characteristics the zone underlying the surface the 
particle. Salients and depressions the particles, particularly when the sides 
these roughnesses are almost perpendicular the general surface, assist the 
adherence the paste the aggregate. Undulatory roughness less helpful 
and may even harmful bond the mortar changes volume. Rugosity 
probably less significant than physical penetration cement into the 
aggregate. 

Particle elongated particles aggregate tend decrease 
workability and thus require the use more sand, cement, and water 
Moreover, they tend reduce bulk weight and decrease compressive strength. 
During the placement the concrete, flat particles become oriented with 
their large faces horizontal position, bled water will entrapped under 
them, condition which prevents the development good bond. 
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Sharp, angular rock fragments may require increased mortar produce 
adequate workability and thus may significantly increase cement and water 
content (Figs. and constant water-cement ratio maintained. 
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Thermal expansivity aggregates affect concrete 
two ways: 


Through the influence the average coefficient expansion the 
expansivity the concrete whole; and 

Through the action individual particles whose coefficients differ widely 
from the coefficient the cement paste. 


Rarely can the effect the expansivity individual components the 
aggregate the concrete measured. Failure concrete has been attributed 
thermal properties the aggregate (4); but, general, the effects ex- 
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pansivity are masked because they merely augment, significantly insignifi- 
cantly, other deteriorative actions. becoming continually more evident 
that failure concrete commonly results from combination processes 
which, acting individually comparable degree, would ineffectual. 

Aggregate particles with unusually low expansivities are more objectionable 
than are those with unusually high expansivities, since few rocks and minerals 
possess higher coefficients than hydrated Portland cement. Most destructive 
concrete are the tensile strains produced the mortar when the temperature 
declining, possibly being accompanied development tensile fractures 
the cement paste. 

The surprisingly rapid deterioration associated with the use the so-called 
“sand-gravel” aggregate from the Republican River Kansas (5) appears 
result from combination several characteristics the aggregate. The 
aggregates are only slightly moderately reactive with high-alkali cements, 
but they contain high proportions individual crystals orthoclase and micro- 
cline feldspars whose coefficient thermal expansion very low (0.0 
0.6 per degree Fahrenheit) (6)(7) one crystallographic 
These minerals constitute high proportions the coarse sand, ranging from 
34% 45% the No. No. fraction the samples studied (Table 1). 


County, Kansas (PERCENTAGES WEIGHT, 
No. No. Fraction) 


Item Rock types No. 6609A No. 6609B No. 6609C 
Orthoclase and microcline............... 45.0 38.0 34.2 
Basic voleanic rocks. 0.5 1.6 08 


such proportion, the great difference thermal coefficients particle and 
cement will create considerable stress the cement paste with decline 
temperature. 

Among common rocks, the thermal coefficient expansion ranges from 
about 0.5 9.0 per degree Fahrenheit (8). Rocks that com- 
monly possess exceptionally low coefficients (1.0 10~ less) include granite, 
limestone, and marble. The thermal coefficient hydrated neat Portland 
cement usually between 5.9 9.0 per degree Fahrenheit (8). 
The freezing and thawing durability concrete not recognizably affected 
moderate variations expansivity the aggregates the presence other 
influencing factors (Table 2). 

Properties Affecting Volume sets physical properties ad- 
versely influence volume change concrete during wetting and drying—those 
which increase expansion, and those which increase decrease shrinkage. 
Concrete may distressed local expansions caused excessive expansion 
aggregate particles they become wet; with drying, these same particles 
will contribute excessive shrinkage. addition, particles that are especially 
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compressible increase drying shrinkage, because they fail restrain the normal 
drying shrinkage the cement paste (9). 

Clay minerals the montmorillonite type (bentonitic) expand and contract 
significantly with wetting and drying. The expansion accompanied po- 
tential pressures which occasionally are several thousand pounds per square 
inch (10). altered dolerite, apparently sound according standard tests, 
was found contain about 30% interstitial clay (the mineral nontronite). 


TABLE THE THERMAL EXPANSIVITY AGGREGATE 


Type aggregate Thermal coefficient THE CONCRETE 
concrete a 
25% loss 0.3% linear 
weight expansion 
Diorite No. 4.7 
Quartz diorite 44 25 19 
A Limestone A, 2.3 44 41 
Diorite No. 2 3.8 59 45 
B Graywacke 5.1 105 65 
Dolomite 4.5 535 540 
5.1 148 134 
Dolomite 4.5 351 351 
5.7 


length, and the temperature, expressed degrees Fahrenheit. The ex- 


pectable coefficient expansion for hydrated, neat Portland cement ranges from 5.9 9.0 
per degree Fahrenheit (8). 


Tests indicated that the rock expanded and contracted 0.06% linearly with 
wetting and drying, and after repeated cycles increment length remained. 
Concrete beams containing the dolerite aggregate lost more than 68% 
their original dynamic modulus elasticity twenty cycles freezing and 
thawing. Some limestones, although sound according standard tests, con- 
tribute deterioration concrete when their interstitial clay swells 
absorbs water from the concrete. Some sandstones expand much 0.08% 
linearly with wetting (11), probably because interstitial clay. 

Strength and rocks possess strengths and elasticities con- 
siderably greater than those concrete. The range crushing strength 
rocks generally acceptable concrete aggregate from 10,500 per in. 
28,700 per in. (6); yet individual cases, these rocks are incapable 
producing concrete with adequate strength and durability. 

Conversely, weakness rocks may not reflected proportionately the 
strength the concrete. For example, very soft, porous, pumice that could 
easily crushed the fingers and which included numerous particles that were 
equivalent approximately 78% that the sand used construction Grand 
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Coulee Dam Washington, one the best aggregates tested the USBR 
laboratories. After days, the average compressive strength standard 
2-in. 4-in. mortar cylinders containing fine pumice was 3,680 per 
equal that obtained mortars containing some natural sands. 

Other gravity aggregates has marked effect the 
unit weight concrete and for that reason specific gravity aggregates some- 
times importance the design gravity structures structural mem- 
bers that should unusually low weight. The specific gravity aggregates 
must known for purposes mix design, but the estimation the soundness 
aggregates from specific gravity tenuous extrapolation. true that 
apparent specific gravity will decrease porosity increases, but porosity can 
determined measurement only the absolute specific gravity 
known also. Even the absolute and apparent specific gravities are known, 
only porosity, but not the size, number, continuity pores, will calculable. 
Experience indicates that tests specific rock types aggregates similar 
lithology will yield correlation between specific gravity and durability; but 
the same correlation cannot carried over aggregates other lithology. 
Particles with very low specific gravity commonly move the surface and thus 
cause poor finish and reduced abrasion resistance. 

Specific heat and heat conductivity aggregates strongly affect the rate 
temperature change concrete and the rate which heat transmitted 
through concrete (12). These factors are important the preparation 
design and specifications for massive structures, but are limited significance 
for small structural members. the extent that the temperature concrete 
changed more rapidly greater amount, then the thermal expansivities 
the aggregates exert stronger influence the concrete. 

The properties aggregates are changed the presence coating ma- 
terials. These materials commonly change adversely the physical chemical 
properties the aggregate, but the change caused the same properties 
that affect quality aggregate particles whole. the experience the 
Denver (Colo.) laboratories the USBR, coatings are composed silt, clay, 
gypsum, impure carbonates lime and magnesia, iron oxides, opal, man- 
ganiferous substances, soluble phosphates, mixtures these substances. 

Chemical Properties traditional view regarded aggre- 
gates inert fillers which passively contributed weight and bulk the con- 
Actually, few, any, aggregates are inert while enclosed cement. 
Any type chemical reactivity will cause series complex, mutually de- 
pendent changes the concrete, but four general types chemical activity 
appear identifiable: 


First, the aggregates may contain substances that are soluble the aqueous 
solution permeating the concrete. Leaching these substances will increase 
porosity the concrete and decrease its strength. The dissolved substances 
ean form efflorescence and near the surface the concrete, and thus cause 
scaling. 

Second, soluble substances products decomposition aggregate par- 
ticles may modify normal hydration the cement. Thus, organic substances 
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may react with solutions the concrete, and consequently cause development 
abnormal hydration products. Strength and durability are reduced such 
changes, and failure the concrete can result. Oxidation pyrite marcasite 
aggregate causes local disintegration, pop outs, and staining con- 
crete; this action related production sulfuric acid which de- 
composes and dissolves adjacent cement paste, and hydrated iron oxides (which 
may occupy greater volume than the original crystals the sulfide). Sulfates 
may decompose slowly and dissolve after incorporation the concrete, causing 
progressive expansion the concrete, through the formation calcium sulfo- 
aluminate reaction with hydrated aluminates the cement (Fig. 3). 


TABLE Expansion (%) Mortars 


ment 


crushed 
quartz Age, Age, Age, Age, Age, Age, Age, Age, 


0.004 0.015 0.017 0.033 —0.002 0.001 —0.002 0.007 
0.003 0.014 0.015 0.031 —0.005 0.000 —0.003 0.006 
20 0.002 0.014 0.016 0.031 —0.004 0.000 —0.002 0.005 
50 0.001 0.010 0.013 0,028 —0.001 0.001 —0.003 0.009 
75 0.002 0.007 0.008 0.022 —0.006 —0.001 —0.003 0.010 

100 0.000 0.005 0.003 0.017 —0.004 0.000 —0.002 0.010 
(6) Nova 

0.006 0.014 0.020 0.028 —0.001 0.003 0.003 0.004 
0.007 0.014 0.019 0.026 —0.003 0.001 0.002 0.004 
0.006 0.016 0.016 0.019 —0.001 0.002 0.003 0.006 
50 0.005 0.013 0.013 0.017 base 
75 0.001 0.005 0.006 0.009 on 

100 0.000 0.003 0.004 0.008 —0.002 0.007 0.002 0.004 
(c) Wearnerep ANorTHOsITE; SoLEpAD Canyon, CALIFORNIA 

0.007 0.009 0.015 0.027 —0.003 —0.007 —0.007 —0.004 
0.006 0.007 0.013 0.029 —0.002 —0.005 —0.006 
20 0.003 —0.002 —0.001 0.009 —0.003 —0.007 —0.011 —0.004 
50 —0.006 —0.013 —0.014 —0.006 —0.004 —0.011 —0.014 —0.007 
75 —0.013 —0.019 —0.023 —0.015 —0.006 —0.013 —0.017 —0.009 

100 —0.020 —0.028 —0.030 —0.026 —0.007 —0.015 —0.020 —0.007 


« Bars, 1 in. by 1 in. by 10 in., with indicated materials replacing crushed quartz in all size fractions. Con- 
crete mix, 1:2, cured 7 days in fog room at 70° F; then stored at 100° F in sealed cans, in the presence of 
excess water. Aggregate graded 20% by weight each of sizes Nos. 8, 16, 30, 50, and 100, no pan. 


Third, certain rocks and minerals are attacked alkalies released during 
hydration high-alkali cements Physical-chemical phenomena 
initiated the reactions lead expansion, cracking, and decreased elasticity 
and strength the concrete. These phenomena will discussed detail 
subsequently. 

Fourth, concrete may affected base-exchange phenomena involving 
components the aggregate and the caustic solution within the cement paste. 
This process usually involves exchange alkalies the aggregate for the 


c 


8 
| 
(a) 

a 
0 

L 
a 

1 
a 
I 
I 


CONCRETE AGGREGATE 413 


calcium contained the solution. The released alkalies attack aggregate par- 
ticles susceptible cement-aggregate reaction, they may form deposits 
wherever the water evaporated from the concrete. somewhat altered 
granitic rock (granodiorite) used aggregate construction thin dam 
southern California apparently has participated base-exchange reactions 
this kind, because efflorescent deposits impure alkali carbonates occur the 
downstream face the structure and scaling the concrete has taken place. 
similar laumontite (or leonhardite) (Ca, Naz) 
occurring the rock called anorthosite associated with failure cast stone 
and stucco southern California. Loughlin (16) attributed the failure 
volume change the zeolite with change water content. possible, 
however, that base-exchange reactions contributed the deterioration. 
Chemical studies the zeolite containing anorthosite indicate that the rock 
has significant proportion replaceable bases (1.4% weight), mainly 
calcium, sodium, and magnesium. 

Although zeolites may contribute deterioration concrete through base 
exchange, they not cause significant expansion moist-stored mortars when 
present alone mixed with nondeleterious aggregate material (Table 3). 
theory least, zeolites with exchangeable sodium potassium could con- 
tribute alkali-aggregate reaction concrete mortar containing reactive 
aggregate release the alkalies upon adsorption calcium released 
hydration the cement. However, contractions great 0.030% were 
measured after months the bars containing the weathered anorthosite (with 
included laumontite) possessing significant base-exchange capacity. 


CONCRETE AGGREGATE FOR QUALITY 


For many years, engineering laboratories have applied series standard- 
ized tests determine the quality aggregates proposed for use construc- 
tion. The tests usually applied include the determination of: (a) Specific 
gravity and absorption; (b) soundness, usually with sodium magnesium sul- 
fate; (c) abrasion resistance; (d) organic impurities sand; (e) quantities 
coal lignite, clay lumps, and shale; and (f) properties standard mortars 
find the structural strength fine aggregate. 

The results these tests correlate statistically with the service concrete 
containing the aggregates, but cannot depended diagnose the quality 
particular aggregate. this reason, engineers have come rely tests 
and examination concrete wherever possible. aggregate has been used 
construction, service histories will available; or, laboratory facilities are 
hand, the aggregates may incorporated concrete mortar specimens. 
Service histories concrete containing the proposed aggregate and subject 
those anticipated the project under investigation are 
most diagnostic. the other hand, service histories can dangerously mis- 
leading data regarding the cement, mix design, placement and curing 
methods are incomplete, the conditions service are not similar. 

Tests concrete mortar containing proposed aggregates will indicate the 
quality the material the mixes are prepared and testing procedures are 
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designed simulate anticipated conditions the job. Influence the 
gate durability, strength, elasticity, permeability, expansivity, thermal 
properties, drying shrinkage, bulk weight can determined the labora- 
tory. However, the time necessary for adequate tests concrete frequently 
precludes application such methods studies concrete aggregate. During 
6-month period 1946, the USBR laboratories Denver were called 
test more than 200 different concrete aggregates. Neither personnel nor facili- 
ties are available any laboratory for tests concrete comparable 
Consequently, for most purposes, the concrete engineer must select aggregate 
methods other than those which involve testing concrete. 

The standard tests usually applied unconfined aggregates not measure 
directly the properties aggregates that affect the quality concrete. Prop- 
erties fundamental size, continuity, and abundance pores; bonding 
characteristics; and thermal expansivity are not measured even qualitatively. 

Specific Gravity and Absorption Determinations.—Specific gravity and ab- 
sorption commonly correlate with freezing and thawing durability litho- 
logically similar materials are tested, but fundamental relation durability 
can adduced. Pumice commonly used lightweight aggregate might have 
bulk specific gravity (American Society for Testing Materials (ASTM) 
designation: E12) 1.0 and 24-hour absorption 24%, and yet produce 
which sound freezing and thawing. Determinations specific 
gravity and absorption standard methods (ASTM designations: 
and not distinguish those aggregates whose specific gravity low 
and whose absorption high because the presence few unsound particles, 
from those which contain abundance particles whose specific gravity but 
slightly low and absorption but slightly high. For this reason, absorption and 
specific gravity lithologically complex aggregates cannot related quantita- 
tively soundness. Statistical correlations indicate that rigorous application 
specified limits for specific gravity and absorption does not assure elimination 
unsound aggregates and may cause rejection some satisfactory aggregates. 

Accelerated Soundness soundness tests involving use 
sodium magnesium sulfate (ASTM designation: C88-41T) are commonly 
used estimate susceptibility the aggregate breakdown under freezing 
and thawing conditions because the sulfate soundness tests are more rapid and 
involve less equipment than actual freezing and thawing aggregates. 
Breakdown believed result from hydration and consequent expansion 
crystals following reimmersion the samples after 
the drying period (17). This mechanism certainly different from the proc- 
esses which freezing and thawing water cause breakdown. Consequently, 
the results the sulfate soundness tests not parallel the results freezing 
and thawing soundness tests. Moreover, pointed out previously, the dura- 
bility aggregate does not always correlate with the durability concrete. 
addition these fundamental deficiencies the test, extraneous variations 
may vitiate results. Inconsistencies the sulfate soundness tests arise from: 
(a) Differences the types containers used; (b) differences techniques 
drainage following the immersion period; (c) inadequate temperature control; 
(d) variations length the drying period; (e) differences techniques 
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sereening the samples; and (f) differences grades salt and concentration 
the solutions used the Frequently, aggregates that fail the test prove 
satisfactory, and those that pass actually might contribute the break- 
down concrete during freezing and thawing. 

Abrasion Los Angeles abrasion machine (ASTM designation: 
largely has replaced the Deval machine (ASTM designation: D2-33) 
tests concrete aggregate. Extensive tests have established general rela- 
tion between strength concrete and the percentage wear the Los 
Angeles abrasion test (18). The Los Angeles abrasion test yields information 
value the degree which aggregates containing inordinate quantities 
soft particles can processed effectively. Specifically, aggregates that lose 
excessively the first one hundred revolutions, but that lose less than 40% 
five hundred cycles, commonly can made suitable for use scrubbing 
special processing. 

Breakdown the sample produced mainly impact the cast-iron 
steel spheres (19), and hence not predominantly abrasion loss. The test 
reveals the presence soft, friable, exceptionally brittle particles; but limited 
loss the test does not assure high quality the aggregate. crushed, milky 
quartz used control aggregate shows only 33.8% wear the five hundred 
revolutions the abrasion test; yet consistently fails produce durable con- 
(Table 2); the low strength” the highly quartzose Ottawa 
sand well known. 

Test Organic Impurities materials aggregates are 
partly dissolved the solution sodium hydroxide used the standard test 
for organic impurities sand (ASTM designation: C40-33). However, dark 
coloration the solution merely indicates the need for further testing (particu- 
larly mortar) rather than the rejection the aggregate. Some organic sub- 
stances are innocuous, yet produce strongly colored solution. Organic sub- 
stances occur woody particles, coatings aggregate particles, waxy 
petroliferous materials disseminated through rock particles. 

Determination Content Unsound standard tests de- 
termine content coal lignite (ASTM designation: C123-39), and shale 
(ASTM designation: D546-41) involve gravity separation the sample 
heavy liquid. Presumably, the coal lignite, and the shale, float the sur- 
face, but other particles low gravity also will separate the same 
manner. Clay lumps are identified the standard test (ASTM designation: 
C142-39) those particles that can broken into fine material with the 
fingers. 

These three tests have been replaced the USBR laboratories petro- 
graphic examination, thus eliminating erroneous classification lightweight 
soft particles. 

Petrographic several years petrographic examinations 
have been made all aggregates proposed for use concrete construction 
projects the USBR; but, with passing time and increasing knowledge the 
significance the petrographic properties aggregates, the results these 
examinations have become more significant and increasing reliance has been 
placed them. The techniques and methods petrographic examination 
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coarse aggregates have progressed from mere visual examination detailed 
analysis and description complex aggregates (8)(20). 

Petrographic examination used supplement the results the standard 
tests judge the need for special tests. Suspected chemical instability 
physical unsoundness can checked tests mortar concrete. Detailed 
knowledge concerning the lithologic composition aggregates commonly will 
permit precise determination the cause for observed deficiencies, that 
ameliorative measures can undertaken. Petrographic examination the 
only method heretofore available which alkali-reactive aggregates can 
identified, quickly and reliably. 


RESEARCH CONCRETE AGGREGATES 


Deficiencies the standard tests have led attempts development 
additional methods which the physical and chemical properties aggregates 
could determined. Because their great significance, work was conducted 
first alkali reactivity and the characteristics pores which occur solid 
materials. These researches are being continued, but results date (1949) 
will summarized. 

Research Alkali-Aggregate Reaction—Soon after the experiences 
Stanton, ASCE, California (13) were made available, the USBR 
became intensely interested the problem alkali-aggregate reaction be- 
cause experiences Parker Dam the Colorado River California and 
Arizona (14)(20)(21). Adequate facilities and specialized personnel were pro- 
cured 1941 undertake thorough investigation the types aggregate 
material capable participating this reaction, the mechanism producing the 
expansion and decline strength the concrete, and possible ameliorative 
methods where reactive aggregates are encountered. (The problem cement- 
aggregate reaction represents interesting example the manner which 
engineering problems can attacked scientific methods. The research 
herein summarized, and reported elsewhere (22)(23) 1948, was obtained 
highly trained and specialized scientific personnel. Integration research and 
coordination science and engineering have yielded results immediate 
practical value.) 

has been well established that the deterioration manifests itself decline 
strength the concrete and expansion. Outwardly, the concrete exhibits 
typical patterns cracking, which may accompanied exudation 
siliceous gels the surface. These criteria furnish the engineer with methods 
for preliminary diagnosis the disease, but complete diagnosis often requires 
thorough laboratory study. Even under favorable circumstances not 
always possible obtain unambiguous diagnosis the deterioration has been 
extremely severe, because secondary effects may mask the primary cause. 

Numerous examples concrete structures affected alkali-aggregate reac- 
tion are now recognized, and many these are related the aggregates 
several specific river systems and drainage areas. The map (Fig. shows only 
the locations structures that are definitely known affected alkali- 
aggregate reaction (22a). West the states bordering the Mississippi River 
there are several areas wherein affected structures are indicated, notably 
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Texas, Oklahoma, and New Mexico; most Nevada and Utah; and Montana, 
North Dakota, and South Dakota. However, this condition does not neces- 
sarily imply that deleterious aggregates are absent these areas. merely 
indicates that affecied structures these areas have come public atten- 
tion. Acid intermediate volcanic rocks are present some these areas 
and, where significant quantities these rocks have been used aggregate 


combination with high-alkali cements, deterioration caused alkali-aggregate 
reaction certain occur. East the Mississippi River, volcanic rocks are 
comparatively rare the surface, but opaline chalcedonic cherts are wide- 
spread and are known have caused deterioration concrete through alkali- 
aggregate reaction Georgia and Alabama. Although only few spots appear 
the map, again should recalled that this must not taken imply 
that alkali-aggregate reaction can disregarded this large area. 

Some the earliest laboratory investigations conducted the USBR were 
directed toward the identification rocks and minerals that react deleteriously 
and their comparative reactivities. Although previous work (13)(14)(21) 
(24)(25) had indicated that opal, phyllite, and certain intermediate acidic 
voleanic rocks were susceptible attack, the degree reactivity most rocks 
and minerals was unknown. Therefore, samples many common rocks and 
minerals were obtained from various sources and, after crushing and grading, 
were fabricated into mortar bars with low-alkali and high-alkali cements. 
sample test aggregate was examined USBR petrographers determine 
its mineralogical and textural properties. 

result these studies, was demonstrated that all silicate and silica 
minerals react with alkalies Portland cement; but the greater number 
minerals and rocks react insignificantly, without causing deleterious expansion 
other distress accompanying cement-aggregate reactions. The rocks and 
minerals that contribute deterioration concrete this way can detected 
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petrographic examination. The reactive minerals, and their chemical and 
physical characteristics, are 


Reactive minerals Chemital composition Physical character 
Chalcedony........... Cryptocrystalline fibrous 
Tridymite (26)........ SiO, Crystalline 


Reactive rocks and their reactive components are: 


Reactive rocks Reactive component 
Siliceous rocks— 
Opaline Opal 
cherts............. Chalcedony 


Siliceous limestones 


rocks— 
Rhyolites and rhyolite tuffs 
Dacites and dacite 
Andesites and andesite tuffs 


glass, devitrified glass and 
tridymite 
Metamorphic rocks— 
Hydromica very fine-grained quartz 
Miscellaneous rocks— 


Any rocks containing veinlets, inclusions, grains the foregoing rocks 
minerals. 


sure, aggregate material may deleterious for other reasons. addi- 
tion the aforementioned reactive rocks, for example, artificial glasses, such 
pyrex glass, are known deleteriously reactive. Whereas the volcanic 
types listed are known deleteriously reactive, basalts and least certain 
phonolites are known innocuous, and data regarding trachytes and latites 
are lacking. 

Reliance the technical skill and experience petrographers interpret 
the potential reactivity aggregates has several obvious disadvantages. 
overcome these difficulties, experimentation was directed toward the develop- 
ment chemical test capable predicting the potential reactivity quanti- 
tative terms. Several varieties physical and chemical tests have been advo- 
cated during the past several years (24)(27)(28)(29) but none these yields 
information diagnostically related the fundamental causes expansion, 


decline strength, etc. Moreover, all are impractical for one more reasons 
such as: 


They require too much time; 


They depend properties that cannot measured quantitatively; 
They cannot applied simultaneously all the different rock con- 
stituents complex aggregate. 


early 1934, Stevens (30) demonstrated that many common 
minerals are slightly soluble water and that slurries finely ground minerals 
quickly become alkaline. Some minerals yield very mildly alkaline solutions 


both 
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whereas others produce moderately strong alkalinity. Attempts correlate 
these types data aggregates with their deleteriousness, indicated 
mortar bar expansions, produced unsatisfactory results and these experiments 
were abandoned. However, the studies aided formulation later concepts. 

Basically, testing concrete aggregate for reactivity simple. should 
consist merely crushing the aggregate appropriate size, adding some 
specific amount alkaline solution, and measuring the effects the interaction. 
Unfortunately, early tests this type gave results that correlated rather poorly 
with the service histories and mortar bar data the aggregates. Opal will 
usually give diagnostic test almost any procedure, did most leach 
tests (27)(28)(29), but the problem differentiating between the less reactive 
and the innocuous materials was not resolved these early methods, which 
were based determination the quantity silica dissolved the caustic 
solution. The experiments demonstrated that some chemically innocuous ag- 
gregates (such basalt) released more silica into solution than did certain 
moderately deleterious aggregates. 

During tests materials different size fractions, was discovered that 
the innocuous aggregates released from two four times more silica into 
strongly alkaline solution from pulverized material than from somewhat 
coarser sizes. This result indicates normal relationship between the surface 
area and the quantity silica released into solution. However, release 
silica did not occur this straightforward way when deleterious aggregates 
were tested. these experiments, the reduction active alkali the solu- 
tion well the amounts silica taken into solution from the aggregate 
were determined analytically. The measurements indicated that the potency 
the caustic solution was reduced more rapidly than silica was dissolved from 
deleterious materials, and thus demonstrated that the earlier leach tests were 
not diagnostic deleteriousness because the amount silica held solution 
not proportional the amount reaction. successful method testing 
requires measurement two factors—the effect the solution the aggregate 
and the effect the aggregate the solution. 

Correlation the chemical data with mortar bar expansion presently 
obtained comparing the quantity silica released from aggregate with 
the reduction the alkalinity sodium hydroxide solution during the 
reaction. For the test, specially constructed stainless steel vessels containing 
the aggregate material and caustic solution are immersed for hours liquid 
bath controlled The test requires rigorous control and precise 
analytical methods, yield reliable results. Diagnostic correlations have been 
obtained (Fig. for more than seventy rocks, minerals, sands, and gravels.on 
which mortar bar data are also available. Fig. only few the tested, 
are indicated merely demonstrate the expectable range analytical 
results and the separation innocuous from deleterious aggregates. 

The chemical data obtained during the development aggregate test for 
reactivity, combined with important information obtained from microscopic 
investigations and other experiments, form the basis for general concept 
the mechanism which alkali-aggregate reaction causes breakdown 
concrete. The process deterioration may summarized follows: During 
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the mixing period and the subsequent several hours, large part the alkalies 
the Portland cement dissolve the liquid phase. hydration progresses, 
the calcium aluminates and the silicates the paste extract water, thus causing 
the liquid become even more strongly caustic. The caustic solutions then 
attack susceptible particles the aggregate and produce alkalic silica gels. 
These gels have high affinity for water. they imbibe water, they swell and 
produce hydrostatic pressures within the confining concrete. 


Serpentine 


Dolomite 
Chalcedony 


Flint 


Sond 


Dam 


INNOCUOUS 
AGGREGATES 


Rhyolite 
Porphyry 


Graniteo 


AGGREGATES 

Kirnball,Neb, 


Porker 


REDUCTION IN ALKALINITY (mM 


DISSOLVED SILICA (mM./1) 


Osmotic pressures excess 550 per in. have been measured (22c) 
the laboratory (Fig. 6), and similar pressures have been computed accord- 
ance with recognized laws physical chemistry. Thus, pressures that exceed 
the tensile strength concrete can expected from the formation and the 
hydration the gel. consequence rupture the paste, microfractures 
develop and the pressures are momentarily relieved the intrusion the gels 
into the microfractures. These gelatinous materials may ultimately exude 
the surface moist-stored concrete affected this malady. The microfrac- 
tures account qualitatively for both the increase volume the concrete and 
the decline strength; quantitative demonstration this fact would 
rather difficult obtain. 

Capillarity and Its Relation Durability Solid 
ice within solid materials results breakdown through the operation one 
more three separate processes: 


The development excessive hydrostatic pressures within materials 
low permeability during progressive freezing; 
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Formation ice lenses; 
The excessive thermal expansion ice filling voids while temperatures 
are rising, the range below the freezing point. 


The effects hydrostatic pressure during progressive freezing cannot 
doubted, but this mechanism alone probably will not explain all the observable 
variation disintegration. Stephen Taber (31) has proved the development 
ice lenses soils low permeability. Both these mechanisms require 
that pores within the materials minute, for neither operative the pores 
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are predominantly large. The effect excessive thermal expansivity ice 
crystals probably less significant than the other two mechanisms; yet the. 
thermal properties ice may cause distress rock concrete, especially 
the temperature changes below the freezing point are large. The thermal coeffi- 
cients linear expansion rocks and hydrated Portland cement rarely exceed 
9.0 per degree Fahrenheit (8), but the range from —4° 
the coefficient linear expansion ice per degree Fahrenheit (32). 

The extent breakdown solid materials due hydrostatic pressure, 
the one hand, lens formation, the other, unknown. Breakdown 
materials low permeability through the development high hydrostatic 
pressures undoubtedly widespread, and plausibly will account for observed 
distress concrete (2) and disintegration rock many situations 
Taber developed the concept lens formation specifically for soils, but 
Gill and Thomas (33) applied studies masonry, bricks, and con- 
crete. Subsequently, 1944, Collins (34) utilized explain the dis- 
ruption porous concrete subjected freezing and thawing. Mr. Taber (35) 
found the potentialities for stress development natural materials rela- 
tively small, since inhibited the formation ice lenses surface loads 
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tensile stresses high 1,350 (approximately 19,000 per in.) 
are possible ideal systems. Nevertheless, Mr. Collins considered that the 
stress accompanying lens formation was the result crystal growth and that 
was limited magnitude only the melting pressure ice any given 
temperature (namely, 30,000 per in. —8° F). 

Experiments the USBR laboratories, conducted under conditions that 
preclude the development the high hydrostatic pressures associated with low 
permeability, indicate that lens formation can cause disruption inherently 
weak rocks low permeability rocks containing fractures. Lens forma- 
tion also oceurs unset (36a) very porous concrete (34), and porous bricks 
(33), but would appear that this mechanism operative only where tensile 
strength small. 

Because freezing and thawing durability related the size, continuity, 
and abundance pores, index durability for any particular material can 
obtained measuring the rate evaporation from saturated specimens 
and the force associated with capillary movement water into the material. 
modifying apparatus used the Department Scientific and Industrial 
Research; London (37), England, instrument (Fig. and was designed 
the USBR laboratories measure these properties rock, concrete, and 
mortar. 

The apparatus composed clamp which the specimen sealed, 
water reservoir, and mercury manometer. The specimens tested the 
apparatus are cylinders 1.5 in. diameter and thick. The specimen 
clamped apparatus and sealed ring gaskets such way that air 
water cannot pass around it. The cell above the specimen and all space 
above the mercury the manometer are filled with distilled water. Air 
eliminated from the specimen (by saturation under vacuum) and from the 
reservoir prior the initiation the test. 

After the cock the top the reservoir has been closed, water that evapo- 
rates from the surface the specimen will replaced water from the 
reservoir because capillary attraction. However, the system open 
atmospheric pressure the other side the manometer, that the forces 
exerted the capillary openings can measured provided they are less 
than atmospheric pressure. The rate evaporation controlled the rela- 
tive area continuous capillaries exposed the lower surface. The pressure 
the reservoir will continue decline either until equals the vapor pressure 
water the temperature operation, until the air able force the 
water from the largest pores and thus prevent further increase the pressure 
deficiency within the reservoir. 

clear that materials containing abundant, continuous pores small 
size will indicated the rapid increase and the ultimately high magnitude 
pressure deficiency. Materials characterized few large pores will 
indicated slow increase pressure deficiency, and. this deficiency will still 
comparatively small when air begins pass through the specimen into the 
reservoir. combinations rise and ultimate magnitude pressure 
deficiency are possible for different materials. every case, the ultimate pres- 
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sure deficiency controlled the minimum diameter the largest continuous 
channel way the specimen. measurements rocks and concretes 
are indicated Figs. and 10; supplementary data are compiled Tables 


MEAN BAROMETRIC PRESSURE THE LABORATORY 
(ELEV. 5630) =24.7- inches mercury 


22 


Clayey Limestone 


(P-3208)---*" 


(P-3586)---" 
Limestone 
(P-3510)---~._ 
Sondstone 


PRESSURE DEFICIENCY (inches of mercury) 


Weathered 
Siliceous Limestone 
(P- 36628 


P-3707) 


--- Siliceous Limestone 
(P-3662a) 


or o2 os ' 2 5 10 20 50 100 200 500 1000 
TIME (hours) 


The rocks that failed during the freezing and thawing test (Nos. P-3208, 
P-3586A, P-3508, and P-3662B, Table caused rapid increases pressure 
deficiency, which ultimately exceeded in. mercury. The weathered 
siliceous limestone (P-3362B) represented curve (see Fig. below and 
the right curves representing the other unsound rocks. This rock dis- 
integrated more slowly and less completely than the other unsound rocks. 
Apparently, three the sound rocks (P-3662A, P-3679, and P-3707) would 
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sustain high pressure deficiencies the test were continued long enough. 
dently, their soundness freezing and thawing controlled largely their 
inability become critically saturated while immersed water. 

The two sandstones (P-3510 and P-3511A, Table are friable and weak 
(having lost 95% more the Los Angeles abrasion test), yet they lost very 


MEAN BAROMETRIC PRESSURE AT THE LABORATORY 
(ELEV. $630) = 24.7 inches mercury 


PRESSURE DEFICIENCY inches of mercury) 


NUMBER OF CYCLES OF 
FREEZING AND THAWING TO PROOUCE 
25 PERCENT LOSS IN WEIGHT 


Concrete. 


TIME (hours) 
Fie. 10 


small amounts material the freezing and thawing test. Their soundness 
evidently related the large pores which can drain effectively during pro- 
gressive freezing. One these sandstones (P-3510) sustained pressure de- 
ficiency in. mercury, before air was forced atmospheric pressure 
through the specimen. The rapid rise pressure deficiency represents the high 
effective porosity. The sound calcareous sandstone (P-3671) apparently 
characterized relatively few pores, yet the pores are comparatively large, 
the ultimate pressure deficiency being 18.9 in. mercury. 
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CAPILLARITY 


No. 


Type Description 


P-3208 | Clayey Limestone: 


P-3586A 


P-3508 


P-3662B 


P-3662A 


P-3679 


P-3707 


P-3671 


Firm, fine grained, finely porous, highly argil- 
laceous 


Chalk: 


Firm, exceedingly fine grained, finely porous; 
contains clay 


Clayey Dolomitic Limestone: 


Firm, exceedingly fine grained, finely porous; 
contains 137% of silt, clay, and fine sand 


Weathered Siliceous Limestone: 
Moderately hard, brittle, fine grained, red; 


opal, chalcedony, clay, and sand constitute 
42% of rock 


Siliceous Limestone: 
Moderately hard, brittle, fine grained, yellow- 
ish buff; opal, chalcedony, clay, and sand 
constitute 46% of rock 


Porous Sandstone: 
Friable, eres, fine grained, quartzose sand- 
stone; lost 96.7% in five hundred cycles of 
Los Angeles abrasion test 


Porous Sandstone: 
Friable, porous, medium grained, quartzose 
sandstone; lost 95.0% five hundred cycles 
of Los Angeles abrason test 


Madison Limestone: 
massive, porous, fine grained 
oolitic 
Syenite Porphyry: 
Hard, porous, fine grained; contains large 
phenocrysts (crystals) 


Calcareous Sandstone: 


Hard, slightly porous, fine grained, cemented 
by calcium carbonate 


16.4 


Results soundness 


Specimens cracked four 
cycles; broke down to small 
pieces six cycles 


Specimens broke down small 
and sludge during four 
cycles 


Specimens broke down small 
pieces and sludge during 
twenty cycles 


Specimen split in two, and one 
part broke down during fif- 
teen cycles into several small 
pieces 


Specimen lost 1.4% spalling 
during fifteen cycles 


nee lost 0.1% to 0.7% 
during fifteen 
cycles 


Specimens lost 0.2% 2.0% 
granulation during fifteen 
cycles 


Specimens lost 0.2% by spall- 
ing at edges in fifteen cycles 


No loss in fifteen cycles 


No loss in fifteen cycles 


* 24-hour absorption. 
thawing in tap water. 


Results freezing and thawing 24-hour cycles; freezing cold room 


MEASUREMENTS CAPILLARITY 


Mix, in Parts sy 


WEIGHT 
Slump 
(inches) 


WarTER 
Con- Ce- 
TENT ment Cyclesé 


Pounds per 
cubic yard 


Denver, and 


sand 


limestone. Definitions: w/c water-cement ratio; cement; 
8 ;and G@ = gravel. ¢ Cycles of freezing and thawing to 25% loss of weight. 

wing soundness test was conduc 


Specimens were c 


were stored at 50% relative humidity at 70° F. The freezing 
after 180 days; and the capillarity experiment was run at an 


age yeara for concretes Y-1, Y-3, and Y-4 and age years for the remaining two concretes. 


‘ 
! 
P-3510 
| 
>, 
Ce- 
Y-1 P 5784 0.76 1.00 3.85 3.85 23 144.5 313 1.10 40 
Y3 L 5784 0.61 1.00 2.65 2.65 5 147.0 350 1,53 50 
Y4 L 4701 0.61 1.00 2.65 2.65 1 147.0 350 . 1.53 40 
RA6-22 P 5784 0.55 1.00 2.65 2.65 ot 145.7 316 1.52 120 
RA6-23 P 5784 0.55 1.00 2.65 2.65 6 145.7 315 1.52 120 
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Calculations, based the relation surface tension water size 
capillary and height rise, indicate that the pressure deficiency the three 
rocks (P-3208, P-3586A, and P-3508, Table 4), which sustained pressure 
deficiency 22.7 in. mercury, equivalent that which could created 
system pores 0.0037 diameter. The pressure deficiencies sus- 
tained the sandstones (P-3671, P-3510, and are equivalent pores 
0.0044 mm, 0.0050 mm, and 0.0846 diameter, respectively. 

Conerete specimens were tested similarly the apparatus (Fig. and 
Table 5), and three (Y-1, Y-3, and Y-4) were found unsound, equivalent 
specimens having lost 25% weight forty cycles, fifty cycles, and forty 
respectively. The remaining two concretes (RA6-22 and RA6-23, 
Table are satisfactory quality, since equivalent specimens lost 25% 
weight only after one hundred and twenty cycles freezing and thawing. The 
rates rise and the magnitudes pressure deficiency are comparable those 
measured during testing the rock specimens. The pore the 
rocks are therefore comparable those the concrete. Difficulty was ex- 
perienced testing concrete Y-1, Table for three attempts gasket leaks 
and reliable measurements could not obtained for one specimen 
the two prepared. The slow initial rise pressure deficiency may caused 
the precipitation soluble salts within the pores the specimen during the 
wetting and the drying entailed repeated testing. 

for the unsound rocks, poor durability the concrete indicated 
rapid rise high pressure deficiency (20.7 in. mercury greater). Sound 
concretes are indicated much slower increases pressure deficiency but the 
values ultimately attained are high (20.6 in. mercury greater). Some varia- 
tion results related position the original concrete from which the 
tested specimen was cut, implied the separation curves representing 
specimens from different ends the same 3-in. 6-in. cylinder (Fig. 10). 
The rate and the magnitude rise are indifferent the kind aggregate and 
cement, apparently being related only durability. 

The ultimate values pressure deficiency (20.6 in. 21.7 in. mercury) 
measured the concrete correspond pores 0.0045 0.0040 
diameter. Thus, the controlling pores the cement paste are larger than the 
controlling pores the four unsound rocks tested. Capillary movement 
water from the cement paste into the aggregate particles weathered argil- 
laceous limestones therefore possible. Consequently, these particles can 
attain and retain high degree saturation while enclosed cement paste. 
The pertinence this conclusion indicated the section this paper con- 
cerning size, abundance, and continuity pores aggregate. 

the abundance voids different sizes. However, techniques required for 
these measurements are time consuming, and will unnecessary experience 
continues indicate that durability rock and concrete can predicted 
adequately from function effective porosity and pore size. 
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CoNCLUSIONS 


Many physical and chemical properties aggregates affect quality con- 
crete. Most important are: (a) The size, continuity, and abundance internal 
voids; the bonding characteristics; and (c) the alkali reactivity. Other 
properties (especially volume change with wetting and drying) occasionally are 
critically important. The standard tests generally applied determine ac- 
ceptability aggregates are inadequate. They yield data only statistically, 
not specifically related the fundamental quality aggregates. Deficiencies 
these tests are mitigated they are supplemented examination 
petrographers experienced problems concrete. However, reorientation 
testing techniques needed urgently. 

Research has developed chemical test which quickly and reliably identifies 
the aggregates causing distress concrete containing high-alkali cement. 
promising technique for quickly evaluating freezing and thawing durability 
aggregates and concrete and for exploring quantitatively the character in- 
ternal voids has been devised. Research the properties that determine bond 
between aggregate and cement should promoted with vigor. More must 
learned about the occasionally significant properties, such thermal expan- 
sivity and the ability shrink and expand with drying and wetting. 
and practicable tests the fundamental properties aggregates should 
developed; yet, inevitably, economy will not permit application complex 
tests all aggregates proposed for use. Thus, the petrographic examination 
may serve establish the testing program necessary for each aggregate, with 
view measuring properties that cannot estimated with sufficient accuracy. 

Improvements the testing aggregates should proceed hand hand 
with research improve cement and techniques mixing, placing, and curing. 
Only thus can the full potentialities concrete realized. 
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DISCUSSION 


paper Mr. Blanks, describing the extremely interesting studies concrete 
aggregate which have been made recent years the Bureau Reclamation, 
United States Department the Interior, valuable contribution con- 
crete research and will studied workers this field for many years. 
The emphasis that has placed the importance studying aggregate 
materials components concrete rather than isolated unconfined rock 
and mineral particles perhaps the most important concept developed from 
recent research aggregates. The importance this approach has been 
recognized the Concrete Research Division the Waterways Experiment 
Station (Clinton, Miss.), and its work likewise has been directed toward de- 
veloping suitable procedures for evaluating materials accordance therewith. 
The automatic accelerated freezing-and-thawing apparatus for concrete which 
was described 1945 was recommended method testing aggre- 

among other reasons, permits materials for concrete 
tested concrete” (39a). suggested, however, that emphasizing this 
point and stating that experience shows that good rocks not always 
produce superior concrete, and weak rocks not always cause deterioration,” 
Mr. Blanks may have implied, more strongly than the data permit, that the 
reverse frequently true. The reviews the significance the standard 
tests aggregates (41)(42) suggest that, the absence information such 
revealed the more recently developed procedures discussed Mr. 
Blanks, the standard tests will generally provide satisfactory method 
separating good aggregates from bad aggregates. Also, stated Harold 


Sweet, Jun. ASCE (42a): pertinent that these classical 


niques recognized that they may serve guides for further aggregate 
research.” 

his discussion the effects thermal expansivity aggregates con- 
crete, Mr. Blanks has suggested that great differences the thermal coefficient 
between aggregate particles and cement paste may cause failure concrete. 
Studies conducted the Concrete Research Division have suggested that 
such differences, when considered occurring between coarse aggregate 
particles and the mortar matrix the concrete, may provide more useful 
index than provided considerations aggregate-cement paste relation- 
ships. large number studies, involving determinations the linear 
cient thermal expansion rocks used coarse aggregates and cement 
mortars containing different natural and manufactured sands fine aggregate, 
and accelerated freezing and thawing tests concretes composed such 
coarse aggregate-mortar combinations, have provided the basis for statistical 
analysis which has yielded strong inverse correlation between thermal coeffi- 
cient differences and resistance concrete accelerated freezing and thawing. 
The results this study have not been published detail but are mentioned 
Concrete Research Div., Waterways Experiment Station, Clinton, 


Physical Test Branch, Concrete Research Div., Waterways Experiment Station, Clinton, Miss. 


*Chf., Special Investigations Branch, Concrete Research Div., Waterways Experiment Station, 
Clinton, Miss. 
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briefly the papers Gilbert (43) and Bryant Mather (44). Mr. 
Gilbert has stated 


“Tt must concluded, therefore, that large difference between these 
coefficients [of expansion the coarse aggregates and mortars] should 
avoided since the stresses set the interfaces coarse aggregate par- 
ticles and mortar can sufficient cause loss bond and cracking from 
the interface which will eventually destroy watertightness hydraulic 


Mr. Blanks has stated that specific heat and heat conductivity aggregates 
strongly affect the rate temperature change concrete and the rate which 
heat transmitted through concrete. then states that these factors are 
limited significance for small structural members. investigation 
conducted the Concrete Research Division (45) was found that differences 
thermal diffusivity between coarse aggregate and mortar appeared 
responsible for differences resistance concretes accelerated freezing 
and thawing. 

Mr. Blanks’ discussion alkali-aggregate reaction extremely interesting 
and valuable particularly view the fact that his laboratory has, perhaps, 
done more work this field than any other. His statement (under the 
heading, Concrete Aggregates: Research Alkali-Aggregate 


“Acid intermediate volcanic rocks are present some these areas and, 
where significant quantities these rocks have been used aggregate 
combination with high-alkali cements, deterioration caused alkali- 
aggregate reaction certain occur.” 


—appears, however, somewhat more positive and inclusive than the data 
warrant. believed that more than editorial modification would in- 
volved this statement were changed that would read 


“Acid intermediate rocks, containing significant quantities 
siliceous glass, are present some these areas and, where signifi- 
cant quantities these rocks have been used aggregate combination 
with high-alkali cements, deterioration caused alkali-aggregate reaction 
may expected occur.” 


The sentence should also qualified further statement, such the fol- 
lowing which taken from previous paper 


“The possibility that the expected reaction will not occur that 
may forestalled—as result proper attention the chemical compo- 
sition the cement, the use inhibitor, the fact that the deleterious 
constituent present amount much greater than much less than 
the ‘pessimum’ amount, the favorable location and exposure the 
structure, should always borne mind However, the present 
state our knowledge these are mere possibilities—none can counted 
give safe guarantee freedom from trouble reactive materials 
are the 


What sorely needed the materials-testing profession series 
accelerated performance tests evaluate the behavior proposed aggregates 
concrete. One such test the accelerated freezing-and-thawing test pre- 
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viously referred this Another nonfreezing weathering 
test, which the influences temperature and moisture-content changes 
could studied. number combinations influences such alternate 
wetting and drying, alternate heating and cooling, and more complex conditions 
(such heating-wetting with cooling-drying and heating-drying with cooling- 
wetting) appear play important part the deterioration concrete. 
Aggregates that will produce concrete satisfactory durability when exposed 
nonfreezing natural environment, such found the southern United 
States, may not produce satisfactory concrete exposed freezing and 
thawing. 

Scholer, ASCE (47), has been pioneering the development 
nonfreezing testing techniques for concrete. The Concrete Research Division 
and the division concrete laboratories the Corps Engineers have developed 
equipment which shows great promise testing the aggregates, cement; 
conerete, under the influences heating-wetting with cooling-drying and 
with cooling-wetting. 

The device Mr. Blanks for measuring the rate evaporation 
from saturated specimens and the force associated with capillary movement 
water into the material has promise becoming valuable tool helping 
find the reasons for the lack durability exhibited some materials. its 
present state development the device appears have the limitation being 
used with only relatively small specimen (1.5 in. diameter and in. thick). 
Although the results obtained from such tests may valid when the specimen 
representative material constant pore characteristics, the interpreta- 
tion the data obtained testing specimens from heterogeneous gravel 
deposit quarry, from concrete specimens containing such materials, 
rapidly becomes more complex; and the usefulness the data terms 
establishing index durability for such materials becomes matter the 
adequacy the sampling and the number tests made. The question also 
raised the validity application the data obtained specimen 
the size used the test mass concrete containing aggregate in. size. 

The writers agree with the statements made Mr. Blanks the 
that, the present state knowledge the evaluation concrete 
aggregates, the petrographic examination may serve establish the testing 
program necessary for each aggregate. The petrographic examination, for ex- 
ample, would valuable determining the number pressure-deficiency 
tests which might required the investigations the heterogeneous 
materials referred the preceding paragraph. 

The general acceptance air entrainment concrete may eventually lead 
general overhauling current concepts aggregate suitability and 
method aggregate testing; also, the increasing use manufactured sand with 
crushed stone aggregate for concrete may necessitate modifications 
present-day concepts what are suitable gradations and test limitations. 


ASCE.—It gratifying note the care with which 
Messrs. Cook, Kennedy, and Mather have studied the paper, and the cogency 
their discussion. stated the paper, tests concrete containing the 


Chf., Div. Research and Geology, Bureau Reclamation, Dept. the Interior, Denver, Colo. 
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proposed aggregate, including the analysis service records, are the most 
diagnostic methods for determining aggregate quality, long the tests 
simulate, and conditions previous service are comparable to, the conditions 
anticipated for the new work. However, there The kind and in- 
tensity physical and chemical phenomena importance concrete can 
incorporated readily into laboratory procedures, but accelerated tests cannot 
simulate closely the natural conditions exposure frequency duration 
the phenomena. The value standardized laboratory tests concrete and 
mortar has been demonstrated for the investigation resistance freezing 
and thawing, wetting and drying with heating and cooling, and alkali-aggregate 
reaction. However, must remembered that facilities for the performance 
these tests are not available most testing laboratories. Moreover, even 
accelerated tests may require several weeks months yield definitive results. 
There real need for the development tests that can performed few 
hours days with minimum equipment and Clearly, develop- 
ment and application such tests must predicated upon thorough, 
quantitative understanding the interrelationship the properties aggre- 
gates and the serviceability concrete. This understanding can come only 
through research. 

commenting the writer’s statement (under the heading, 
experience shows that good rocks not always produce 
superior concrete, and weak rocks not always cause 
discussers state that the writer may have implied rather strongly that the 
reverse frequently true. The statement does not imply suggest that weak 
rocks usually produce superior concrete nor that good rocks usually cause 
deterioration. The truth the statement published seems adequately 
demonstrated the voluminous work alkali-aggregate reaction, the dele- 
teriousness many aggregates Kansas and Nebraska which character- 
istically pass the tests, and the preoccupation the discussers with 
the influence thermal properties aggregate the durability concrete. 

The discussion Messrs. Cook, Kennedy, and Mather the relative 
thermal expansivity coarse aggregate and mortar and its influence the 
resistance concrete accelerated freezing and thawing interesting. 
unfortunate that the investigations which they refer, mentioned briefly 
Jesse Gilbert (43) and Mr. Mather (44), are not generally available for study. 
has been emphasized many writers, analysis stresses (including 
study the resultant distress concrete related differential thermal volume 
change the ingredients) exceedingly difficult. However, would appear 
that the role thermal expansivity the durability concrete and mortar 
must include the relationship, first, the fine and coarse aggregate the 
cement paste and, secondly, the aggregate the mortar concrete 
whole. the first category must analyzed the difference expansivity 
particles the aggregate from that the cement paste, the effects 
restraint volume change the cement paste, the effects plastic deformation 
the paste, and other related factors. The second category includes the 
the expansivity coarse sand that mortar and the 
expansivity coarse sand and coarse aggregate that concrete. 

Inasmuch there real physical separation well-graded aggregate 
between coarse aggregate and fine aggregate, the method comparing the 
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properties coarse aggregate with those the mortar appears without 
fundamental basis. more real comparison would between the properties 
given particle coarse aggregate and the properties the concrete 
whole. The stresses associated with thermal relationships the second 
category can extend for distances through the concrete greater than the 
radius the particle producing tension the mass. 

this connection, the reader referred the treatment thermal ex- 
pansivity Table the paper and the text, under the heading, 
Rock Properties Concrete: Thermal Expansivity.” 

The discussers have concluded that the differences between diffusivity 
coarse aggregate and mortar appear account for the differences the re- 
sistance concretes accelerated freezing and thawing. the observation 
correct, the fact would seem more militate against the validity the 
accelerated test than demonstrate the significance diffusivity the 
resistance concrete natural freezing and thawing. Differences diffu- 
sivity substances indicate differences rate temperature change that 
would occur under similar conditions exposure, but the magnitude the 
difference temperature established between two phases mass, such 
between particle coarse aggregate and the enclosing concrete, also 
dependent the rate and magnitude temperature change the mass 
whole. accelerated freezing and thawing test, the rate cooling the 
interior 3-in. 6-in. cylinder concrete about 80° per for the first 
min following initiation the freezing half cycle; and the rate cooling 
the exterior will much greater. Under natural conditions exposure 
insolation, the rate temperature rise near-surface concrete will less than 
one fourth this value, and cooling the near-surface concrete rarely will 
exceed one half this value. Moreover, large particles coarse aggregate 
always will separated from the surface the mass mortar and concrete, 
that the coarse aggregate particle will necessarily exchange heat with only 
the concrete. Consequently, the temperature the aggregate not inde- 
pendent that the concrete, would more nearly true the aggregate 
received heat directly from the air solar radiation. 

addition, the concrete ‘‘small structural members” (to which reference 
made the paper under the heading, Effect Rock Properties Concrete: 
Other will contain aggregate less than 1.5 in. size, that the 
distance from the center the coarse aggregate its periphery—the distance 
which the thermal gradient will established—will not exceed in. Fur- 
thermore, the only serious departure diffusivity common aggregate- 
forming rocks and minerals from that mortar and concrete occurs when 
particles quartz constitute the entirety aggregate particle. The 
diffusivity quartz slightly more than twice that concrete containing 
quartzite, limestone, dolomite coarse aggregate, approximately three 
times that concrete containing granite coarse aggregate, and about four 
times that concrete containing rhyolite basalt coarse aggregate. 

example determine the maximum possible effect differences 
diffusivity aggregate and concrete the resistance concrete freezing 
and thawing, consider concrete which piece quartz, 1.5 in. diameter, 
exposed the surface, the temperature the surface being instantaneously 
decreased from 120° 70° After min, the temperature the quartz 
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depth 0.75 in. will approximately 77° whereas that concrete 
containing basalt the remainder the coarse aggregate will 81° 
the same depth. Taking these temperatures the average for the entire 
depth 1.5 in. and assuming coefficients expansion 5.7 and 
4.6 per degree Fahrenheit for the quartz and concrete, respectively, 
calculation will show difference in. per in. contraction the 
two materials, which only in. per in. relates specifically the 
difference diffusivity. This total strain equivalent compressive stress 
330 per in. the concrete adjacent the quartz, which only 115 
per in. results from the difference diffusivity alone. Comparable 
tension could computed with equivalent rise temperature, but com- 
parable increase temperature impossible under natural conditions. Simi- 
larly, tension the concrete could determined assuming that the con- 
crete contained more siliceous coarse aggregate, and, consequently, possessed 
coefficient thermal expansion greater than that quartz. However, the 
siliceous aggregate would cause increase also diffusivity the concrete, 
with consequent decrease the difference temperature developed between 
the quartz and the concrete. similar calculation could made for mass 
concrete, assuming 6-in. piece quartz the surface. this situation, 
compressive stress the concrete adjacent the quartz would approximate 
500 per in. 

will seen that these stresses are much less than those which could 
calculated with similar temperature change where the concrete possesses 
thermal coefficient expansion 4.6 greater, and the aggregate 
possesses thermal coefficient 1.0 less (such might exhibited 
some limestones, granites, marbles). 

Messrs. Cook, Kennedy, and Mather have discussed length, and sug- 
gested qualification of, statement the paper regarding the occurrence 
alkali-aggregate reaction where acid intermediate vocanic rocks are used 
with high-alkali cements. There doubt concerning the prevention 
inhibition alkali-aggregate reaction several conditions, external in- 
ternal the concrete, and these conditions have been discussed length 
elsewhere (22)(24)(27). Their objections will mitigated the word 
“almost” inserted the sentence under discussion between the words 
and “certain.” 

The discussers have pointed out several factors, the testing aggregate 
and concrete, which, its present state development, delimit the use the 
device for measuring capillarity solid materials. attempt has been 
made introduce the method part standardized testing procedure. 
the contrary, however, the device does yield valuable information con- 
cerning the size, continuity, and distribution voids materials, and has 
contributed significantly understanding the factors controlling resis- 
tance freezing and thawing. 

The work the Concrete Research Division the Waterways Experiment 
Station Clinton, Miss., has been watched with interest and benefit, and 
publication details their investigations awaited. Only pene- 
trating and coordinated research all aspects concrete manufacture can its 
deficiencies remedied. 
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AIR-INLET VALVES FOR STEEL PIPE LINES 
JOHN PARMAKIAN! 


analytical basis presented for determining the size and location air- 
inlet valves steel pipe lines order prevent their collapse due external 
pressure. The allowable internal pressure for steel pipe shells first computed 
from formulas published elsewhere for the collapse cylindrical shells under 
external pressure. The conditions under which the hydraulic gradient may 
fall below pressure some points the pipe line are then investi- 
gated and the size and location air-inlet valves required prevent the col- 
lapse the pipe shell are determined the basis adiabatic expansion air. 
Various charts are presented facilitate the required computations. 


Under certain conditions operation water may removed from some 
sections steel pipe line faster than can supplied from the reservoir. 
Such conditions may occur result gate operation, the failure the pipe 
line low point, other causes. the pipe shell thin, air must ad- 
mitted into the pipe prevent excessive reduction the internal pressure 
and the subsequent collapse the pipe throughout considerable length be- 
cause the external atmospheric pressure. The strength the pipe shell 
under this differential pressure will depend the length-to-diameter ratio, 
the thickness-to-diameter ratio, and the modulus elasticity the steel. 
The presence stiffener rings may exert considerable influence the strength 
the pipe shell. However, the distance between stiffener rings great, 
they will have appreciable effect the section the pipe shell midway 
between them and the collapsing pressure will the same that pipe 
shell infinite length. The collapsing pressure steel pipe shells with and 
without stiffener rings has been studied and experimentally determined 
various investigators and the resulting formulas are given elsewhere.” 

obtain the collapsing pressure steel pipes more conveniently chart 
has been prepared (Fig. based the following instability formulas 


Nore.—Published in June, 1949, Proceedings. Positions and titles given are those in effect when the 
paper or discussion was received for publication. 

Engr., Branch Design and Constr., Bureau Reclamation, Denver, Colo. 

Instability Thin Cylindrical Shells Under External Pressure,” Dwight Winden- 
burg and Charles Trilling, Transactions, A.8.M.E., 1934, p. 819. 
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For cylindrical shells without stiffener rings, 


6 


and, for shells with stiffener rings, 


Eqs. and the collapsing pressure for the pipe shell, pounds per 
square inch; the thickness the pipe shell, inches; the inside di- 
ameter the pipe, inches; and the spacing the stiffener rings, 
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inches. determine the collapsing pressure pipe shell with stiffener rings, 
the and the must first computed, after which the value 
the collapsing pressure may obtained from Fig. there are stiffener 
rings, the large, the value the collapsing pressure given 


the horizontal lines the right-hand side the chart. 


Application suitable factor safety, will give ps, the allowable 
pressure the inside the pipe. Thus, 
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which the atmospheric pressure the outside the pipe, may ob- 
tained from Fig. Selection value depends the judgment the 
designer, who must also consider the probable frequency the assumed opera- 
tion which causes reduction the internal pressure. 


Elevation Above Sea Level, Thousands Feet 


Inasmuch the largest value that can exerted exposed pipe 
line limited atmospheric pressure, the limiting value the for 
pipe shell without stiffener rings and the and the for pipe shell 


with stiffener rings may readily obtained from Fig. For example, for 
pipe shell without stiffener rings, with sea level, the value t/D 
must not less than 0.0067. For sea level, and 0.003, the 


required for the stiffener ring spacing must not greater 


some pipe lines may found more economical provide stiffener rings 
the thinner sections than install and maintain air-inlet valves the various 
crests the profile. 


Under normal conditions operation the flow the pipe line essentially 
uniform and the hydraulic gradient above atmospheric pressure throughout 
the entire length. the flow increased abnormally, result rupture 
the line low point, any other cause, the hydraulic gradient may drop 
considerably below atmospheric pressure the crests the pipe line profile. 


440 
ins 
va 
15 pr 
14 en 
pe 
be 


AIR-INLET VALVES 441 


External atmospheric pressure may then cause collapse considerable length 
the pipe shell, although this collapse may prevented installation 
air-inlet valve ample size maintain the pressure inside the pipe any 
desired allowable pressure, The hydraulic flow conditions that will exist 
inside the pipe the air-inlet valve location with the valve open may then 
determined from the following considerations: The minimum allowable internal 
pressure the air-inlet valve p2; therefore, the pressure head the air-inlet 
valve 2.31(p2 The water velocities the pipe line leaving and ap- 
proaching the air-inlet valve location, designated and respectively, 
may then computed means the Bernoulli energy equation. V2, 
and are opposite directions, air-inlet valve required supply 
enough air the pipe interior occupy the space created the breaking 
the water column; that is, 


which the quantity air, cubic feet per second, that must supplied 
the pipe interior the pressure the weight air flowing through the 
air-inlet valve, pounds per second; the specific volume air, cubic 
feet per pound, pressure and 


Arr INLET VALVES 


The air drawn through the inlet valve will undergo volumetric change 
passes from atmospheric pressure, the lower pressure, inside the pipe. 
Ordinarily, this takes place rapidly that there little interchange heat 
between the water and the air. Therefore, the air flow through the valve may 
considered adiabatic expansion; that is, 


which the specific volume air, cubic feet per pound, pressure 
and the ratio, for air, the specific heat constant pressure the 
specific heat constant volume. 


The weight air per second flowing through air-inlet valve then 


1 D2 (y-D/7 


and, for 0.53 


2 1/(y~-1) ( ) 144 


Engineers Handbook,” Lionel Marks, McGraw-Hill Book Co., New York, 
Day . 
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which the coefficient discharge for the air-inlet valve; the inside 
diameter the valve, and the gravitational acceleration. 
stituting Eqs. and Eqs. the ratio the air-inlet valve diameter the 
pipe diameter is, for 0.53 


and, for 0.53 


Eqs. may further simplified using average value for the term 
(144 its numerical value nearly constant regardless alti- 
tude, air temperature, humidity. The assumed average conditions will 


_\ Values of 


Values of Vt 


taken 40° latitude, elevation 1,000 above sea level, air tempera- 
ture 75° and 20% humidity, for which 32.155 per sec per sec, 
13.969 per lb, and 144 2,040 per ft. These values for 
and together with value 1.405 for air, may substituted 


and, for 0.53 


nh 
-} f 
(8a) 
| | | | p 
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Determination the ratio Eqs. and facilitated chart (Fig. 


3), which entered with the calculated values and VAV/C. 

the value discharge the air-inlet valve and con- 
neeting pipe, known, its value should used Eqs. value ranging 
from 0.6 believed reasonable for the ordinary design air-inlet 
valves. 


NUMERICAL EXAMPLE 


illustrate the procedure followed determining the size air- 
inlet valve required actual pipe line installation, consider the steel siphon 
whose profile Fig. the vicinity the crest point the 
pipe shell in. thick and there are stiffener rings spaced apart. 


Complete Rupture Siphon Assumed Here 


desired calculate the size the air-inlet valve point complete rup- 
ture the pipe assumed occur point The required factor safety 
for this assumed condition operation taken and the coefficient dis- 
charge the air-inlet valve taken 0.5. 

persqin. Eq. 3b, 8.5 per in., and 0.65. 

Value AV.—Using the Bernoulli equation for the pipe line from point 

Similarly, using the Bernoulli equation for the pipe line from point 
27.7 per sec. 

Size the Air-Inlet the assumed value and the value 
just found, 7.44. From Fig. d/D 0.26. Therefore, the 
diameter the air-inlet valve required point 0.26 20.3 in. 
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DISCUSSION 


size air-inlet valve required maintain certain 
internal pressure pipe line during transient flow conditions can deter- 
mined easily the method proposed this paper. Undoubtedly, there are 
many conditions that may exist pipe line which these data would apply, 
and one these special cases that will described herein. 


the discharge outlet the pumping plant pipe lines Grand Coulee 
Dam Washington there siphon shown Fig. The problem 
breaking the siphon action for return flow through the discharge line following 
power failure the pumps arose. This problem was not associated with the 
collapse the pipe line but rather with the loss water from the canal 
siphon action maintaining return flow through the pump. 

The siphon head available was limited and depended upon the canal water 
surface elevation, relative the siphon invert elevation. This relationship 
determined the internal pressure that had obtained and maintained 
the discharge line break the siphon action. 

addition this internal pressure, the rate which air must supplied 
had determined. This aspect the problem was handled recourse 
the pump characteristics the model pumps for Grand From these 
characteristics the steady-state reverse discharge normal head was obtained 
approximately 0.5 times normal pump discharge. Transient values 
reverse discharge were higher than this steady-state value but were considered 
too short-lived basis for selecting the size air valve needed. 

Then, knowing the internal pressure necessary prevent siphon action 
and expressing the steady-state reverse discharge terms velocity, the 
curves shown Fig. were used obtain the size the air value required. 
was concluded that air valve in. diameter, its equivalent, was 
needed. This air valve would supply air rate equal the steady-state 
reverse discharge through the pumps with the internal pressure the pipe line 
the valve adequate break the siphon action. 


Engr., Branch Design and Constr., Bureau Reclamation, Denver, Colo. 
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PHOTOGRAMMETRY, POSTWAR 
LEON ELIEL? 


Discussion Mr. Eaton. 


Photogrammetry developed normal, cautious pace the decade before 
World War and had only achieved certain minor acceptance among 
engineers general. The war gave such spectacular demonstration the 
many applications aerial photography and photogrammetry that engineers 
everywhere have grown recognize these new tools something very practical 
and ready for immediate use their problems. This paper concerns the 


status the art aerial photography and photogrammetry influenced 
wartime experience. 


1941 the aerial cameras used during the war had already been developed 
large extent. The only thing that the war did was take some these 
cameras and apply them new way. Photogrammetric methods also had 
been producing contour maps successfully the United States for period 
more than ten years. Although acceptance was far from universal, many 
engineers had used the photogrammetric contour map for topography dam 
design, reservoir studies, highway location, geological problems, pipe line 
location, transmission line location, city planning, real estate developments, 
and great number other problems. 

The Tennessee Valley Authority (TVA) was the first agency the federal 
government foster photogrammetric topography extensive scale, be- 
ginning 1937. The Geological Survey (United States Department the 
Interior) was using the photogrammetric method for producing substantial 
part its total topographic program 1941. The Coast and Geodetic 
Survey (United States Department Commerce), the Forest Service (United 
States Department Agriculture), the Engineer Department (United States 
Army), the Soil Conservation Service (United States Department Agri- 
culture), and the Hydrographic Office (United States Navy) were all making 
extensive use the new methods. 


May, 1949, Proceedings. 
the paper discussion was received for publication. 


1 Vice-Pres., Fairchild Aerial Surveys, Inc., Los Angeles, Calif. 
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Considerable experimentation had been made color prior World War 
II, and color had developed point where very satisfactory work was being 
done from the air, although the control tone and contrast has proved difficult. 

The main developments that occurred aerial photography and photo- 
grammetry with the start World War were follows: 


The grouping together three cameras the so-called 
system for taking photographs simultaneously from horizon horizon. This 
method was largely developed the Army for purposes making 
aeronautical charts; and one time was the purpose the Army map 
the entire world, which had access, this method. 

The recognition the Army the necessity for better performance 
photographic airplanes. The airplanes were not fast enough, they did not 
have ceiling enough, and they were defenseless the face antiaircraft and 
fighter attacks. Minton Kaye, Colonel, Army Air Force, fathered the 
development the system, and was responsible for the 
assignment fast, high-performance, military aircraft for aerial photography. 
created squadrons P-38s, capable flying fast enough elude enemy 
fighters, and high enough elude antiaircraft fire. Toward the end the war 
cameras were being carried V-17s, B-24s, and B-29s. Some these photo 
ships carried formidable array variegated cameras. 


Wright Field Dayton, Ohio, George Goddard, Colonel, 
Army, was making great progress camera design. had prepared 40-in. 
telephoto lenses and developed the 9-in. 18-in. reconnaissance camera, 
which made great strides color photography, addition being responsible 
for the development the very effective strip camera. The Navy, 
Navy, had readied itself for the particular aspects photography suitable 
purposes. 

There was extensive domestic mapping program consisting topographic 
sheets coastal areas and also substantial program aeronautical charts 
and mosaics covering hundreds thousands square miles North and South 
America. Extensive areas many foreign countries had already been mapped 
one method another prior hostilities, and these maps from many 
sources were recompiled into standard military maps. 

“Tri-Metrogon” aerial photography was the most economical way ob- 
taining fair information vast territories. has much commend for 
general utility, for maps, and for charts. 

For more detailed purposes considerable high-altitude, vertical photography 
was also done, altitudes great 35,000 above the ground. these 
altitudes pictures were procured scales ranging from 1:50,000 1:70,000, 
these were compiled into mosaic maps and used for topographical maps 
and other purposes. 

The “Sonne” strip camera, outgrowth the photo-finish camera the 
race track, was one the few really new developments the war. This 
camera has roll film moving continously across the focal plane the same 
angular rate the airplane moving over the ground. conjunction with 
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the camera view finder, with These are moving marks, which 
the operator can control that they move the same rate speed the 
image traverses the view finder. controlling the speed the travelers, 
the speed the film regulated move properly. The picture taken 
through narrow slit, and this combination sharp pictures are obtainable 
from very low altitudes fast-moving airplane. may one 
continuous strip several hundred feet long. The pictures were ex- 
tremely useful taking inventory troop movements along roads, and 
photographing beaches close range before landings. 

war there are two very satisfactory ways obtaining aerial photography. 
The first these fly high and fast, out the range antiaircraft 
fire, and high enough that the danger being attacked fighters mini- 
mized. satisfactory method come low and fast, altitudes 
only few hundred feet—perhaps 100 200 ft. the latter type 
photography that the camera proved effective. other 
camera, moving 300 miles per more, elevation 100 ft, would 
obtain anything except magnificent blur. 

The engineering profession emerged from the war with all these old and 
new tools choose from. The writer has many biases favor the systems 
knows best and believes most thoroughly. Many the arguments 
this paper are expressions personal opinion subjects that are controversial, 
and hoped that possibly other people qualified discuss the subjects will 
take issue with them, thus provoking constructive discussion. 

The “Tri-Metrogon” system has only limited application civil demands 
the fields either aerial photography photogrammetry. may used 
advantageously where working weather great premium; and therefore 
desirable photograph much terrain possible the rare instances 
when suitable weather available. Thus, for example, Colombia, South 
America, where something less than average min (photographic) per 
day has been experienced, there justification for using 
photography, because the min per month that can expected 
average, much more ground can photographed even 
though this ground not nearly well photographed and usefully photo- 
graphed could vertical methods. The strip camera 
finding commercial application conjunction with new developments such 
the airborne magnetometer. also being used for taking large-scale in- 
ventory maps railways and highways. 

Aerial photography and photogrammetry are presented the engineer 
today much the same garb which dressed them 1941, but with much 
better press. other words, more people are favorably impressed with aerial 
photography and photogrammetry, and the engineering profession general 
ready now (1949) give full 

review the types project undertaken today aerial photography 
and photogrammetry probably the best way crystallize engineering 
thinking how these tools may best applied the requirements modern 
For example, aerial photography first became important the 
southwest about 1938, when the Soil Conservation Service, the Forest 
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Service, and the Bureau Indian Affairs (United States Department the 
Interior), between them, completed aerial maps and mosaics practically the 
entire eastern half the State Arizona, and the western half the State 
New Mexico. About this same time the Soil Conservation Service mapped 
the bowl” area, comprising nearly 70,000 miles Colorado, Kansas, 
New Mexico, and Texas. 

its earliest days photogrammetry was used map the workings around 
the Boulder Dam site Arizona and Nevada (1930); and later, when the 
gates the dam were closed and the reservoir started filling with water, 
contour map the entire area the reservoir was made. This map 
the empty reservoir was designed base from which studies could made 
determine the rate which the reservoir was being filled with silt. 

Other dam sites the Colorado River system have been explored exten- 
sively photogrammetric methods. This work has been sponsored the 
Bureau Reclamation (United States Department Interior). contour 
map was made, for example, the Bridge Canyon Dam site (about miles 
above the headwaters Lake Mead), scale in. 500 ft, with 10-ft 
contours. 

very extensive survey was completed along the San Juan River 1947, 
extending from approximately the confluence the San Juan with its parent 
stream, the Colorado, the four corners where the states Colorado, Utah, 
Arizona, and New Mexico come together. The topographical map 
prepared this proposed reservoir scale in. 1,000 ft, with 10-ft 
and 20-ft contours. 

This San Juan project perhaps one the most difficult topographical 
surveys ever undertaken. fact, topographical surveys any part the 
Colorado chasm are very difficult, because the canyons themselves are almost 
impassable, and access the canyons for establishing control extremely 
difficult. Control the San Juan job was largely done jeep, pack horse, and 
foot. 

For years the Salt River Valley Water Users’ Association Phoenix, Ariz., 
has approached many its problems from the starting point aerial photog- 
raphy. Many the tributary streams the Salt River Valley system have 
been mapped from that valley toward their sources. The entire irrigated 
area was mapped many years ago and has been used continuously for variety 
purposes. These maps have proved valuable the Salt River Valley Water 
Users’ Association complete inventory physical conditions the ground 
with which vitally concerned; and several instances they have given 
valuable record information which was used litigation prove conditions 
they actually existed. 

Over the years, the Bureau Reclamation has had many photographic 
maps made the unruly Colorado River. Areas subject flood were studied 
from photographs made early the project history. The delta the Colorado, 
lying partly the United States and partly Mexico, has been photographed 
least twice (the first time 1922) study the vagaries this menacing river, 
which flood thrashes itself from old channels new channels, and back 
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again. The aerial photographic maps showed this delta minutest detail, 
that every channel, both new and old, was apparent, and the work 
planning the control the river was thus greatly expedited. Attempts have 
been made hack ground survey lines through this brush-choked delta region, 
prohibitively tedious and expensive task, yielding, best, bleak skeleton 
data compared the full body exquisite detail. 

The mining areas the southwest have utilized photogrammetry exten- 
sively. Many the mines have had vast tracts photographed for geological 
exploration, whereas others have had detailed contour maps made their 
operating properties. photogrammetric map mining area offers two 
general types valuable information. the first place, the contact prints 
can viewed stereoscopically and mosaics can assembled, which together 
give continuity and detail for delineating geology unobtainable any other 
method. Secondly, the contour map that may compiled from the same 
photographs gives accurate base map which roads can located and 
construction projects all kinds designed. 

paper such this can never escape some discussion relative costs. 
the past has been possible give only the most generalized kind cost 
information aerial surveys, and that situation still persists. The aerial 
survey not sufficiently definite nature that its cost can given, such 
the costs commodities tons steel, bags cement. The 
question—How much will aerial survey cost—is comparable asking: How 
much does bridge cost build? The estimator may even told how long 
bridge was be, but would still have difficulty estimating its cost 
without knowing great many other facts. The problem supplying infor- 
mation about the cost aerial survey, and topographical map based 


photogrammetric methods, just complex (see Table 1). The following 
factors all affect such cost: 


The location the area; 
The size the area; 
The weather conditions; 
The specifications the final map; 
The accessibility the area from the standpoint control; 
The existence nonexistence usable control already the area; 
The character terrain from the standpoint control; 
The type vegetation, from the viewpoint both interference with 
control operations and interference with the ultimate precision the con- 
tour map; 

The maximum differences elevation, which are index the number 
contours that are drawn and drafted; 

10. The number roads, dams, railroads, and buildings, shown 
the map; 

11, The possible need map made spherical coordinates; 

12. The form which the map delivered—as lithographed sheets, 
tracings, other form; 


13. The number geographical names shown; 


, 
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14. The extent field editing required: How critical the map from the 
standpoint showing every small building, and how serious would 
haystack were mistaken for building and shown the map?; 

15. The season the year the work must done; 

16. The time allowed the contractor; and 

17. The required scale, the contour interval, and the accuracy. 


Some data relating costs contour maps for highways, and for city 
planning and land subdivision, are offered Table addition, the 
following general data are offered applying reservoir mapping: 


Item Description Unit cost 
Thirty-seven reservoirs, some scales 1:1,200 with 5-ft con- 

tours and some scales 1:12,000 with 10-ft contours; 
dollars per reservoir 

Two reservoirs 1:6,000 with 10-ft contours; dollars per 
reservoir 

Sundry reservoirs aggregating miles, some scales 
1:10,000 and some scales 1:24,000—all 5-ft contours; 
dollars per acre 

Sundry reservoirs, one group 5-ft contours aggregating 
miles and another group 20-ft contours aggregating 
miles—all scales 1:6,000; dollars per acre 

Sundry reservoirs aggregating miles scale 1:4,800 
with 5-ft contours; dollars per acre 


(6) Crry PLANNING AND 


(a) Higuwaxs SUBDIVISION 


Dimensions, 
in miles 
(4) 
0.38 
(300 wide) 
lby8 
1.14 by 20.5 


miles) 
(49 sq miles) 


885 


HOC ON 


Except quantities parentheses. Dollars per linear mile. 


considering the cost topographic maps photogrammetric methods, 
one very essential differentiation must kept mind between this method 
map making and the older and more conventional methods. With the 
photogrammetric method, the horizontal scale usually not the determining 


Con- 
Item 
(ft) 1 ~% Dollars — 1 -% _ Area, Dollars 
equa per acre equ acres per acre 
(ft) 
(2) (3) (5) (6) (7) (8) (9) 
100 100 5,760 
100 100 400 
200 629 200 450 
200 545 rose 
200 
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factor cost; the vertical accuracy the all-important element. Flying height 
largely question vertical accuracy the contours. Various methods 
photogrammetry permit flying the airplane certain altitudes for certain 
results, and therein lies the efficiency the method. The cost may vary many- 
fold depending the method and the experience the disposal the map 
maker. 

Contour maps made photogrammetric methods within certain range 
enlarged and reduced almost any horizontal scale; but the minute 
that 5-ft contours are specified, and required that 90% the points 
checked the contours shall accurate half contour interval, then 
immediately required that flying altitude (with the Fairchild system, for ex- 
ample) 2,500 times 2.5 ft, 6,250 aboveground. Thus, all large-scale 
contour maps made photogrammetric methods, the contour interval 
very important factor. For example, 5-ft contour required, the map 
could produced very efficiently in. 200 ft, lin. Any one 
several other scales could selected without affecting the cost very greatly. 
However, the contour interval were changed from ft, although the 
scale remained the same, many phases the operation would reduced one 
fourth—there would only one fourth the number control points estab- 
lish, and only one fourth the number pictures from which the map had 
drawn. Also, there would one half the amount flying. Thus, the 
contour interval and vertical accuracy are all-important factors the cost 
topographical mapping photogrammetric methods. 

This same thought can expressed another manner. For example, 
10-ft contour map being prepared horizontal scale in. 1,000 ft, 
and the specification requires that 90% the points tested the contours 
shall within half interval their true elevation, the resultant map will 
cost nearly twice much only 75% the points tested has within 
half contour interval the true elevation. The flight can made twice 
high only 75% the points must check vertical accuracy. 
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DISCUSSION 


Eaton,? ASCE.—The long strides that have been made 
aerial photography recent years are brought out this informative paper. 
particular interest the writer are the applications aerial photography 
the production contour maps. About 1930, the Fairchild Aerial Surveys 
under contract with the Los Angeles County (California) Flood Control Dis- 
trict made two aerial surveys particularly difficult terrain—one, contour 
map the main San Gabriel River Canyon from its mouth, including the east 
and west forks; and the other, contour map quarry site the lower 
canyon about 600 high with practically vertical face. 

From the San Gabriel Canyon survey some fourteen possible dam sites 
were located, from which, field reconnaissance and office studies, the sites 
that finally resulted San Gabriel rock-fill dams Nos. and were selected. 
Much the territory was passable only horseback and foot. Time was 
important. The contour maps were prepared fraction the time necessary 
for field party surveys. Cost data are not available, but the cost was less 
than was possible ordinary field methods. The contract called for high 
degree accuracy and field survey spot check areas indicated that aerial con- 
tours were more accurate than field surveys. This accuracy was due the 
facilities, under aerial methods, for following small creeks and draws, which 
the aggregate add substantial areas. 

The quarry survey was equally satisfactory developed spot checks. 
Because the vertical face made field survey extremely difficult, hazardous, 
and costly, would have involved delays that were inadvisable. 

Aside from costs and time savings, there are many advantages aerial sur- 
veys well known engineers who have used them. One advantage that 
aerial survevs can decide questions accuracy original ground surveys 
arising between the contracting parties the case large excavations such 
asdams. party may claim the superiority his survey. With photo- 
graphic record such claims either can reconciled will not made. 

Another advantage that aerial photographs bring out details not visible 
ground inspections—for instance, rights way where photographs give 
evidences old watercourses through improved properties. The writer 
members aerial survey lands now occupied the Santa Anita (Calif.) 
race track which showed evidences early race track said one built 
Lucky Baldwin and later changed direction for better sun conditions. 

Since there are also many other advantages aerial surveys, topographic 
surveys present archaic and laborious methods probably will become obsolete 
for major areas. 

The writer’s only the paper that too short. his 
closure, hoped that Mr. Eliel will elaborate this most interesting subject. 


Denver, Colo. 
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FOREWORD 


the beginning the construction program for World War II, the Corps 
Engineers, United States Army, after survey available flexible pavement 
design methods, adopted the empirical method use the California Division 
State Highways, known the California bearing ratio (CBR) method. 
This method uses the CBR the soil, which index strength obtained 
simple shear test, and set design curves for determining the total re- 
quired thickness base and pavement for given wheel load. 

When the method was adopted, design curves were available for wheel 
loads great approximately 12,000 lb. Since the situation was urgent, 
these curves were immediately extrapolated wheel loads 60,000 and 
research program was initiated provide information for verifying revising 
the curves. Furthermore, since the CBR test had not been used widely out- 
side California, project study was included the program. Many 
difficulties were encountered the adaptation the CBR method the 
design airfield pavements for heavy wheel loads and the research program 
was extended and revised accordingly. 

Various phases the program were completed during World War and 
reports these phases, which are mentioned the several papers, were pub- 
lished. Other phases the program were completed which formal reports 
were not prepared. The results both the published and unpublished in- 
vestigations have provided design criteria which appear the Engineering 
Manual for War Department 

The purpose this Symposium present the work that has been ac- 
complished the Corps Engineers connection with the adaptation the 
CBR method design from highway construction airport construction. 
particular, desired paint true picture the CBR test and its value 
design tool for flexible pavements. Paper No. gives the background 
the adoption the method, summary the study that has gone into the 
improvement the method, and the future the method. Paper No. out- 
lines the development the original method for highway design. paper 
No. the procedures which the design curves were extrapolated from 12,000 
60,000 are presented. Paper No. gives the results the study con- 
ducted the CBR tests. Papers Nos. and describe, considerable 
detail, the three largest accelerated traffic tests that were conducted obtain 
data for the design curves and paper No. describes number smaller 
accelerated traffic tests. Paper No. shows the correlation the CBR curves 
with the data that have been obtained from the accelerated traffic tests and 
from studies actual airfield pavements. Paper No. presents procedure 
whereby the design curves for single wheels can translated into design curves 
for multiple wheel assemblies practically any combination. Paper No. 
discussion the utility the method. The good features and the short- 
comings the method are indicated and the general applicability given. 


Pavement Engineering Manual for War Department Construction, Office 
of Engrs., U. S. Army, Washington, D. C., May, 1947, Pt. XII, Chapter 2. 
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NOTATION 

The letter symbols this Symposium conform essentially with “Soil 
Mechanics Nomenclature,” ASCE Manual Engineering Practice No. 22. 
Discussers are requested use the same notation and select new symbols 
accordingly. 

distance between the inside edges the tracks made dual wheels 
test plane; 
specific gravity; 
plasticity index; 
modulus soil reaction; 
load concentration factor; 
spacing center center dual wheels; and 
water content: 
liquid limit; 
plastic limit. 
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DEVELOPMENT AND SCOPE 
INVESTIGATION 


GAYLE MCFADDEN? AND THOMAS 
MEMBERS, ASCE 


During the latter part November, 1940, the responsibility for the design 
and the construction military airfields was assigned the Corps Engineers, 
United States Army. Later the same function pertaining civil aeronautics 
airfields, military occupancy, was delegated this same organization. 

soon became apparent, for variety reasons, that simple, practical, 
well uniform method design would necessary. For example, the 
prior experience the majority the Corps’ engineers had been generally 
confined river and harbor, flood control, and seacoast fortification. This 
explains the necessity for the elimination diversity designs based 
judgment personnel not fully conversant with the requirements airplane 
traffic. Other reasons for seeking simple, practical, and uniform method 
design were: (a) obviate the use untried methods; insure adequately 
designed pavements; (c) provide method not subject variation occasioned 
arbitrary cost differentials local and competitive materials; (d) avoid 
reductions pavement thickness order balance cost; and (e) establish 
procedure for further development design methods through tests, inves- 
tigations, and study the actual behavior pavements. 

The Westergaard method design rigid type (concrete) pavements 
seemed fairly universal its application and was quickly adopted the 


Engineer Department standard design for that type pavement. 


The selection design method for flexible pavements presented more 
difficult problem. There were several methods vogue that had been devel- 
oped primarily for highway design. All these were studied and all had con- 
siderable merit; but most had some apparent fallacy that seemed defeat the 
aforestated objectives. 

most the methods current use that time, the basic design as- 
sumption was the bearing capacity the subgrade. The question was raised 
whether the procedures for determining this value, related flexible 
pavements, had been adequately determined. 

Since was desirable select method that could adapted with the 
least delay, and since the selection one common usage seemed the most 
expeditious manner, personnel the Corps Engineers performed several 
special field investigations (Langley Field (Virginia), Bradley Army Airfield 
(Connecticut), and Virginia Highway Department test section) try and 
develop the procedures for determining the subgrade bearing capacity values 
order that they might used the theoretical formulas the several 
methods. 


Head Engr. Airfields Branch, Eng. Div. (Military Constr.), Office, Chf. Engrs., Dept. the 
Army, Washingto D.C. 


Prin. Engr. Runway Airfields Branch, Eng. Div. (Military Constr.), Office, 
Engrs. Dept. the Army, Washington, 
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The results these special field investigations indicated that: 


The length time required develop satisfactory test procedure 
would preclude its use the war emergency program then being faced; 

the field plate-bearing test, the proper deflection determine the 
“bearing depends the basic assumptions the formula and varies 
according combinations many factors; and 

most cases the results the plate-bearing test would not applicable 
the soil-moisture conditions expected ultimately develop below pave- 
ment, and would difficult develop satisfactory method for adjusting 
the test results the various moisture conditions. 


Some methods contemplated using plate-bearing tests pavement surfaces 
for the design flexible pavements. Field tests made pavements and base 
courses led the conclusion that the same factors which must considered 
using this test for subgrades must also considered for pavements. 
addition, the compressibility the pavement and that the base material 
entered into the problem. These conclusions were considered applicable 
primarily flexible pavements because, this case, the stress distribution 
from load pavement, base and subgrade, results shear failure; and 
practically impossible differentiate between the deflection under plate- 
bearing tests due consolidation and plastic deformation. These conclusions 
naturally not hold true designing rigid type pavements since the modulus 
soil reaction the subgrade essentially measure consolidation, and 
service behavior has demonstrated that plate-bearing test satisfactory for 
determining its value. The logical inference follows that shear test proper 
the design flexible type pavements. 

Further studies the Engineers indicated that the stress condi- 
tions and the behavior subgrades and the base courses under repetitive wheel 
loads were extremely complex and could not determined single test. 

From these studies definite conclusion was reached that some method 
other than the application theoretical formula would have used, 
least during this period pressing need. Therefore, adaptation empirical 
method that had been proved for highway loading appeared the only 
solution. This decision narrowed thefield; and, after some months investi- 
gation suggested methods, the principles used the California Highway 
Department designing flexible pavements for highway loading, known 
the CBR method, were adopted tentatively. 

The controlling reasons for the adoption were many. Among these reasons 
were: (1) The CBR method had been correlated the service behavior 
flexible pavements and construction methods and successfully used the 
State California for number years; (2) could more quickly adapted 
airfield pavement design for immediate use than any other method; (3) was 
thought reasonable and sound any the other methods 
gated; (4) two other states were known have methods similar nature 
that had been successful; (5) the subgrade modulus could tested with simple 
portable equipment either the laboratory the field; and (6) testing could 
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done samples soil the condition representative the foundation- 
moisture state under most pavements. 

The selection the method was only the first step its assimilation the 
Corps. course was organized and conducted the United States 
Engineer Office, Sacramento, Calif., the Method Determining 
the Relative Bearing Value Soils and Its Application the Design High- 
ways and Runways.” scope the course was limited the design 
flexible type pavements. Its purpose was provide intensive short course 
acquaint personnel the Corps Engineers with the CBR method. The 
course was attended representatives the then eleven regional offices the 
Corps, known Division offices; representatives the Office the Chief 
Engineers; and representatives what was later become the Flexible Pave- 
ment Laboratory. The representatives were turn instruct the personnel 
the subordinate offices the Divisions (known District offices) order that 
application the procedure could made rapidly available. 

The adoption the method did not stop with the familiarization course 
given the personnel the Corps Engineers. exhaustive study was initi- 
ated and has become continuing program attempt obtain and 
maintain the maximum degree beneficial use from the method. 

Since the CBR method empirical and its design curves are used con- 
nection with modulus shearing resistance soils determined special 
CBR test, was considered necessary investigate this test develop 
correlation with field performance for airfield construction similar that 
already acc the California Division Highways for road work. 
This study was authorized the Office the Chief Engineers, September, 
1942, for accomplishment the Waterways Experiment Station, Vicksburg, 
Miss. 

The scope the study was expanded became obvious that there were 
further fields explore. Interim reports were published from time time 
for dissemination the field offices the Corps and provide information 
the preparation the Engineering Manual for War Department Construction. 
After approximately years study, the investigation culminated com- 
prehensive final report.‘ 

When the CBR method was first adopted, the design curves for total pave- 
ment thickness requirements had only been correlated with field performance 
sufficiently accommodate wheel loads normally found highway usage. 
Airplane wheel loads generally began where highway loads ended. Therefore, 
was necessary provide extension these curves. The best talent 
available, including men familiar with the development the original curves, 
was set work evolve tentative extrapolation fulfil immediate re- 
quirement. These extrapolations were published design curves 
pending their validation. 

Work was begun immediately provide the necessary correlation with 
field performance under military airplane loads validate the extrapolations. 


California Bearing Ratio Test Applied the Flexible Pavements for Airports,” 
Technical Memorandum No. Waterways Experiment Station, Vicksburg, Miss., July 
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This operation was accomplished determining the CBR the subgrade and 
base and performing accelerated traffic tests (a) existing pavements whose 
construction history was known and (b) specially constructed full-scale test 
sections where all construction items were carefully controlled. all tests, 
airplane traffic was simulated closely possible with regard load and tire 
characteristics. the specially built sections, the various items were inten- 
tionally overdesigned and underdesigned bracket the results and give 
the widest range information. Post-traffic examination surface and sub- 
surface conditions was made and recorded. 

From the plot the test results, the design curves were modified where 
necessary and this modification and other pertinent design information devel- 
oped from the tests were immediately made available the designers the 
Corps Engineers and incorporated into the Engineering Manual for War 
Department Construction. 

One two traffic tests were not considered satisfactory develop the 
required information. Not less than four were run existing pavements 
Corpus Christi, Tex.; Dothan, Ala.; Fargo, Dak.; and Lewistown, Mont. 
Not less than six specially built test sections were subject 
which were those Langley Field, Virginia; Stockton Army Airfield, California 
(Sections Nos. and 2); Eglin Field, Florida; Barksdale Field, Louisiana; and 
Marietta Aircraft Assembly Plant, Georgia. The wheel loads ranged from 
15,000 200,000 The traffic was generally continued until the behavior 
the pavement indicated failure, incipient failure, satisfactoriness. 

detailed account the studies and tests that have gone into the improve- 
ment the CBR method and the CBR test, determine the modulus shear- 
ing resistance soils, contained elsewhere this Symposium. 

recognized that the CBR method may not supply the ultimate answer 
flexible pavement design. Pavement failures have occurred cases where 
the design was apparently adequate according the CBR method; however, 
these instances are minority. The enthusiastic reports from engineers the 
theaters operation, where speed and simplification design were mandatory, 
the ease with which the method was assimilated construction the continen- 
tal limits the United States, and the growing demand from the engineering 
profession the United States and other countries for further information 
the developments made the Corps Engineers indicate that the CBR 
method has definite place flexible pavement design for some time come. 
was considered the most desirable available method the time adoption, 
and the studies and the testing that have gone into its improvement, together 
with growing uniformity laboratory test procedures, have maintained 
the most desirable method date. 

However, the Corps Engineers not inseparably the CBR 
method. Continuing studies have their purpose the development basic 
understanding the stresses and the strains that occur subgrades, bases, and 
wearing courses under wheel loads, and the development test procedures 
measure behavior characteristics. The results these studies, together with 
data being obtained the effect moisture changes and other weather 
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features, may permit the development more rational method design. 
However, results date (1948) indicate that such method may not availa- 
ble for quite some time. When more rational method developed, the 
Corps Engineers others, the superiority which can proved and 
which contains required features simplicity testing and application, there 
doubt that its adoption the Corps foregone conclusion. Until 


this advance occurs, the Corps Engineers continuing use and develop 
the CBR method. 
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DEVELOPMENT THE ORIGINAL METHOD 
FOR HIGHWAY DESIGN 


During 1928 and 1929, the California Division Highways made in- 
tensive investigation pavement failures throughout the state. Areas that 
had failed were investigated determine the local drainage conditions and 
other factors affecting the stability the pavement. were drilled 
through pavements and undisturbed samples were obtained which would 
furnish information density and moisture content the materials under- 
lying the pavement surface. These investigations pointed three principal 
types pavement failure: (1) lateral displacement the subgrade material 
the result the pavement having absorbed water and softened after con- 
struction; (2) differential settlement materials underlying the pavement; 
and (3) excessive deflection the materials underlying the pavement, re- 
sulting from repetitions load. 

Types (1) and (2) failure could often traced directly poor compaction 
during construction. Although poor drainage conditions contributed the 
rate increase moisture beneath the pavement, the ultimate moisture condi- 
tions were similar regardless drainage conditions. Examination pave- 
ments which did not fail indicated increase moisture after construction, 
but the extent the moisture increase was limited the degree compaction 
the material. Pavement conditions were found more dependent 
compaction than other factors unless, course, the material showed exces- 
sive swelling the presence water. Usually type failure was brought 
about insufficient thickness pavement and the existence base 
course over soils inherently weak shear strength—because either the 
nature the soil poor compaction. Investigation also showed that identifi- 
cation the soil type did not provide sufficient assurance that soil was, 
was not, satisfactory subgrade material, since the same soil would behave 
differently under different conditions moisture and density. 

method test was sought, therefore, which would satisfactory for 
establishing the density that should used the construction subgrades 
and the shear strength that was required. The experience gained from the 
study failures also was helpful determining the thickness pavement and 
base course that would required over the various soils, taking into account 
the condition which was placed. 

predict the probable behavior materials underlying the pavement, 
was desired have simple and quick test that would evaluate the quality 
subgrade, subbase, and base course materials. For this purpose, static field 
load tests were first tried. These tests were influenced large extent the 
elastic and the plastic deformation the material beneath the test load. The 


Sacramento, Calif.; Consultant the Office, Chf. Engrs., Dept. the Army, 
gton, 
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extent each these types deformation varies greatly with the moisture 
and the density conditions the soil beneath the test area. was practically 
impossible moisten the soil properly the field the depth affected the 
load test; and, consequence, the results such tests might represent test 
condition not related the ultimate condition and the action the subgrade 
during service. 

bearing ratio test was devised 1929 attempt eliminate some 
the objections field loading tests and provide quick method for com- 
paring local base and subbase materials available for reinforcing the subgrade. 
This test has been called the CBR test. empirical relationship was subse- 
quently established between the test value and the suitability base and sub- 
grade materials. Samples the material investigated were first thor- 
oughly consolidated the density obtainable under good construction methods 
approximately the density ultimately produced traffic good subgrade 
materials. This procedure eliminated, very large degree, most the con- 
solidation deformation that often influences static load tests made the field. 
The compacted specimen was next soaked for days under surcharge repre- 
senting the weight the pavement, permit the specimen swell and absorb 
moisture, with consequent loss strength. The CBR test was then made 
the specimen determine the resistance lateral displacement, thus 
measuring the combined influence cohesion and internal friction. Fig. illus- 
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(a) PENETRATION TEST (0) EXPANSION TEST 


trates the penetration and the expansion (soaking) parts the CBR tests. 
The resistance penetration the test expressed percentage the re- 
sistance for standard crushed stone. Tests were performed large number 
typical crusher-run materials which were deemed representative high- 
quality base course materials. The average these results was taken 
CBR 100% and results tests other materials were expressed per- 
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centage the 100% value. Typical values for number soil and base 
course materials are shown Fig. 

the increments penetration are large with respect the loaded area, 
the results are influenced only minor degree elastic deformation. 
view the fact that not practical test large specimens the laboratory 
and penetrate the test specimens over area comparable size field 
loading conditions, the results are influenced considerable degree 
cohesion and interlocking particles. Therefore, surcharge the area 
adjacent the penetration piston necessary develop friction clean, 
round-grained sand which particle interlocking and cohesion are low. The 
results the penetration tests such materials without surcharge should 
interpreted representing conditions which the material not confined 
the weight pavement. The tests with surcharge indicate the in- 
creased stability the material when used the lower portion foundation 
courses where the confining weight the overlying pavement and the base 
course increase the frictional resistance. 

has been noted preceding paragraph that the CBR test performed 
soil specimen that has been compacted density equivalent that 
obtained good construction that obtained satisfactory subgrade 
soils after consolidation traffic. During studies made the California 
Division Highways 1928 and 1929, subgrade materials which had proved 
satisfactory service were compacted the laboratory under static loads 
ranging from few hundred pounds per square inch 10,000 per in. and, 
some cases, 20,000 the basis these preliminary tests, 
static load 2,000 per in. was adopted after was found that this pressure 
was necessary produce density equivalent that present under old high- 
ways which had been subjected traffic for period years. was evident 
not only that the high density resulting from this load was desirable, but also 
that could obtained the field with proper moisture control and thorough 
rolling whenever the subgrade and subbase materials were not extremely 
adverse type. Although this static load results density that cannot 
readily duplicated the field with heavy clays, the method proved both 
desirable and practical for control embankment construction. 

Briefly, the compaction test adopted consisted placing sufficient amount 
the material under test 6-in.-diameter mold and compacting under 
static load 2,000 per in. using standard laboratory compression ma- 
chine. The load was applied slowly rate 0.05 in. per min and was main- 
tained for period min, and then gradually released. The density was 
determined the usual laboratory methods. Compaction several samples 
varying water contents would yield different densities, and the optimum 
moisture content was taken the moisture content which the greatest 
density was obtained. For field control, where compression machine was 
not available, impact method compaction using twenty blows 10-lb 
tamper with 18-in. drop each layer was adopted. Thus, suffi- 
ciently accurate duplication was obtained for field use optimum moisture 
and density determined the static test. 
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Fig. shows the relationship between the static and the standard Proctor 
compaction tests obtained clay-loam soil which classified the 
Public Roads Administration (PRA) classification the Casagrande 
(Other characteristics the soil were: CBR, 8.0%; expansion, 
liquid limit (wz), 23%; plastic limit (wp), 16%; and plasticity index 
70%. Its component parts were: Sand, 48%; silt, 26%; and clay, 26%.) 

Expansion during the soaking period indicates the tendency the materials 
swell when they are allowed access water. The uplift, unless absolutely 
uniform, may roughen and crack nonrigid pavements. Because this volume 
change seldom uniform throughout the length roadway runway, the 
surface drainage may also disrupted. Subgrades which have proved satis- 
factory usually show expansion less than the initial height the 
specimen during the 4-day soaking period whereas good base and subgrade 
materials show less than 1%. Many the poorer clay and adobe soils often 
show expansion ranging from 20%. Studies soil expansion have 
indicated that each material has state equilibrium regarding density and 
moisture content for each condition confinement and that the moisture 
capacity soil varies inversely with the superimposed load. example, 
tests adobe that was soaked until all expansion ceased are demonstrated 
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Fig. 4(a) represents the sample before soaking, when the soil has been com- 
pacted its maximum subgrade density. Figs. 4(b) and 4(c) represent the 
sample soaked until expansion ceased. Fig. the surcharge per 
in.) assumed equal the weight 6-in. concrete pavement and 1-ft 
gravel base, whereas the surcharge Fig. (0.4 per in.) equal the 
weight 5-in. concrete pavement only. Fig. 4(b) indicates that the material 
will swell 14% with increase moisture content from 14% 24% under 
per in. whereas under 0.4 per in. the swell will 24% with in- 
moisture content from 14% 30%. 


*“Classification and Identification of Soils,” by Arthur Casagrande, Transactions, ASCE, Vol. 113, 
1948, 910, Table 


pp. 912-915, Table 
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Studies also indicated that the expansion varied with the quantity air 
contained the material. given density, minimum expansion occurs 
when the voids are approximately full water. desirable, therefore, that 
expansive types soils compacted density near the no-swell state and 
moisture content that will approach minimum air voids for this 
The maximum density which the material will not expand excessive 
amount also desirable secure the highest possible stability. 

Investigations made from 1928 1942, both adequate pavements and 
pavements that failed, furnished considerable empirical data for correla- 
tion the CBR requirements with service behavior. From these data, curves 
were formulated for determining the thickness pavement and base course 
required carry traffic adequately over compacted subbase and subgrade 
materials.* Curves and Fig. show the minimum thickness reinforce- 


California Bearing Ratio, (CBR) 


Total Thickness of Base and Surfacing, in Inches 


ment used 1942 for light and medium heavy traffic the California highway 
system. Curve was developed the basis current experience and 
believed adequate generally for average traffic conditions. Curve 
represents values developed from the original survey the Materials and Re- 
search Department the California Division Highways. demonstrates 
that foundation conditions under the pavement and the surfacing may con- 
sidered satisfactory the time the survey. These latter values are con- 


***Designing Foundation Courses for Highway Fovements and Surfaces,” by Fred J. Grumm, Cali- 
fornia Highways and Public Works, March, 1942, p. 6 
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sidered minimum requirement roads with light traffic. With the help 
these curves pavements are designed securing samples the proposed 
materials, and preparing and testing them accordance with the procedures 
described the preceding paragraphs. The bearing ratio obtained from the 
test then projected horizontally from the left-hand side Fig. until in- 
tersects the design curve applicable the project. The thickness pavement 
and base required above the soil tested then read from the bottom scale 
directly below the point intersection. The same procedure may repeated 
for one more successively stronger base materials, thus developing pave- 
ment design having layered base construction. The minimum thickness 
surfacing required in., and surfacing laid directly base with 
bearing ratio less than 50% (see Fig. 5). 
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ADAPTATION THE DESIGN 
AIRFIELD PAVEMENTS 


the development the design method based the use the CBR test, 
the California Division Highways tested adequate sections flexible high- 
way pavements and sections that failed and correlated the service behavior 
the pavement with its bearing ratio. These data were consolidated into 
design chart explained paper No. 2.. This design chart shows the total 
thickness base and surfacing required for flexible highway pavement 
subgrade with given CBR value. this chart (see Fig. 5), stated 
Mr. Porter, curve represents total thickness pavement and base course 
above the subgrade adequate for average highway traffic conditions, and curve 
indicates the total thickness considered the minimum requirement for 
light highway 

The empirical nature the tests made possible adapt the CBR equip- 
ment and procedures with only minor changes; however, make use the 
design chart, was essential evaluate curves and terms airplane 
traffic. the highway chart, the lines represented large number 
repetitions highway traffic moving narrow lanes. converting these 
data equivalent airplane wheel loads, the relationships between the factors— 


Relative weights loaded vehicles; 
Characteristics airplane and automobile tires; and 
Lateral distribution traffic 


—were considered. was believed that curve Fig. was the most 
reliable, was used basis for the conversion. Although the highway 
curves were originally drawn for lighter wheel loads, was known from service 
behavior the pavements that 9,000-lb truck wheel loads were supported 
without distress throughout the life the pavement. Highway loadings were 
carried tires with deformation less than 10% whereas data for airplane 
tires indicated general deformation about 35% which resulted larger 
area contact for any given load. Highway traffic was considered moving 
essentially the same narrow lane whereas the limited information available 
indicated that runway traffic was fairly well spread over the width the slab 
with about 50% the traffic concentrated the center third the pavement. 
the basis these factors, recognizing that the limited data would necessarily 
need supplemented further tests and observations, was decided 
that curve Fig. could assumed represent airplane wheel 


Ww 


Prin. Engr., Soils Branch, Eng. Div. (Civil Works), Office, Chf. Engrs., Dept. the Army, 
Washington, 


Foundation Courses for Highway Pavements and Fred Grumm, Cali- 
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load. Curve was judged the same basis represent 7,000-lb wheel 
load since this was the approximate wheel loading training planes and repre- 
sented the lightest traffic requirement for airfields. 

Following the establishment values for the basic curves, wheel load 
graphs for heavier airplane loadings were determined extrapolation. The 
program static load bearing tests conducted the Corps Engineers had 
shown that the deformation, under wheel load, adequately designed 
flexible pavement made three factors—settlement the subgrade, 
compaction the base and the surface, and elastic deformation. Shear de- 
formation was eliminated because, satisfactory pavement, the shearing 
stress does not exceed the shearing strength. Service behavior records 
adequate pavement had indicated that was necessary for elastic deformation 
govern over extensive period use. Accordingly, the Office the Chief 
Engineers decided develop empirical curves extrapolating the original 
data the basis the elastic theory. Since all bearing tests (even those 
conducted confined specimens such the CBR) are essentially shear tests 
and since shear deformation must eliminated satisfactory pavement, 
shear stresses were used guide making the extrapolation. 

review airplane tire data indicated that uniform tire pressure 
per in. could selected for the entire group use. B-17’s and 
B-24’s were the prevalent types, wheel loads 25,000 Ib, 40,000 Ib, and 70,000 
were selected cover the range heavy aircraft loads. Contact areas 
were computed from wheel loads and tire pressures. Circular areas were used 


(a) 
WHEEL LOAD 


California 
bearing ratio 


Comparable to Cali- 
fornia experience for 
medium heavy high- 
way traffic 


WHEEL LOAD LOAD WHEEL LOAD 


Shear, in Pounds per Square Inch 


for ease computation and also because the difference shear stresses the 
base course and subgrade did not vary materially for elliptical and circular 
areas. Shear stresses were computed shown Fig. the use the stress 
The thicknesses base course and pavement corresponding 
bearing ratios 3%, 5%, 7%, and 10% were located the stress curve 


Elastic Theory and Plasticity Foundation Problems,” Leo Journal, 
Boston Soc. Civ. Engrs., July, 1934, 242. 
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for the 12,000-lb load curve and the stresses corresponding these 
were noted. the basis that these stresses should not exceeded for other 
wheel loads retain uniform standard design, the stress values were 
located the curves for the 25,000-lb, 40,000-lb, and 70,000-lb wheel loads 
(Figs. 6(c), and (The values indicated the curve Fig. 
for the 12,000-lb wheel load, were comparable the California experience for 
medium heavy highway traffic.) The thickness corresponding these stresses 
was transferred the graph thickness versus bearing ratio, and curves 
similar those shown Fig. were drawn. 


and Imported Fill Having Satisfactory Bearing Ratio 


Combined Thickness,in Inches,of Pavement, Base, 


California Bearing Ratio (CBR), 0.1-Inch Penetration for Compacted and Soaked Specimen 


Sandy clay | Sand-clay mixtures | Sand-clay mixtures well 
low plasticity poorly graded graded, round to angular 
Silty clays Gravel with clay Good gravel 
medium plasticity poorly graded well graded 
Ranges of Bearing Ratios for typical Sands 


Soils and untreated base meterials — 
compacted and soaked specimens fairly clean 


Highly plastic 
clay 


Crushed 
rock 


The preliminary design curves obtained this extrapolation were presented 
meeting consultants Washington, C., which included engineers 
from the Office the Chief Engineers, Mr. Porter, who developed the Cali- 
fornia method for highway pavements, and Arthur Casagrande, ASCE. 
The consultants had each made independent calculations extrapolate the 
basic curves. Those Mr. Porter were based allowable deformation 
for the various loads, whereas those Professor Casagrande were based the 
relationships between the relative size the loaded areas. The three sets 
computations were substantial agreement when the data were reviewed 
the group. was decided that the average thicknesses shown the three 
extrapolations were reasonable for the low CBR values; however, the majority 
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the members agreed that the less conservative values should chosen for 
the higher CBR values. Based the aforementioned extrapolations and 
conference decisions, tentative design curves were drawn, shown Fig. 
which expressed the best judgment the engineers from the Office the 
Chief Engineers, and the consultants. 

this same meeting initial program field and laboratory testing was 
drawn check the tentative design curves immediately, before they were 
used for design airfield pavements. The tests are described subsequent 
papers; however, not amiss state that, general, the results the 
studies have substantiated the tentative design curves and appreciable 
changes the design curves have been necessitated, 

The ranges for the soil types indicated the bottom Fig. are approxi- 
mate. intended that given design shall based actual test 
Thicknesses derived from Fig. are for average conditions based tire 
pressure per in., and they should increased decreased much 
20%, depending tire pressure, thickness and type pavement and base, 
characteristics imported fill, ground-water and drainage conditions, possible 
effects frost action, and frequency loading. determining the required 
thickness pavement and base for the total thicknesses less than in., the 
minimum CBR will used instead the CBR 0.1-in. penetration. 


8 “The Preparation of Subgrades,’”’ by O. J. Porter, Proceedings, Highway Research Board, National 
Research Council, December, 1938, Pt. II, p. 324. 
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ACCEPTED PROCEDURE FOR THE CBR TEST 


Assoc. ASCE 


From time time after the adoption the California method design for 
flexible pavements, the Corps Engineers found advisable modify the 
method preparing remolded specimens, that the CBR test would give re- 
sults more nearly applicable field conditions found throughout the United 
States and overseas military areas. These modifications were based the 
results comprehensive laboratory study performed the Waterways 
Experiment Station. 

The purpose this paper present the pertinent results from the afore- 
mentioned investigation and describe detail procedures for 
the preparation remolded and undisturbed specimens and for the penetra- 
tion part the test. However, give the reader better understanding 
the development the CBR test the Corps Engineers, brief discussion 
the original California method preparing test specimens and review 
the control tests used the California Division Highways and the Corps 
Engineers, together with review the initial modifications the California 
method preparing test specimens made the Corps Engineers, will 
presented first. 


METHOD PREPARING REMOLDED SPECIMENS 
For 


For the purpose design, the California State Highway Department 


developed mechanical laboratory procedure preparing the soil for test, 


follows: 


The moisture-density relation for the soil determined compacting 
specimens several moisture contents 6-in.-diameter mold with static 
load 2,000 per in. 

For the CBR test, the soil remolded and compacted optimum mois- 
ture determined step under static load 2,000 per in. 

The test specimen soaked from the top and bottom for period 
days. During the soaking period the top the specimen confined with 
surcharge weight 123 (equivalent the weight about in. pavement). 


Information gained from study the California procedure indicates that, 
because special conditions anticipated that the usual field compaction 
will not obtained that the laboratory method will not duplicate field 
compaction, special laboratory procedure used for preparing the soil samples 
that will produce density equivalent that expected the field. the soil 
not compacted, penetration tests are conducted undisturbed soaked 
soils. 


4 Cons. Engr., O. J. Porter & Co., Sacramento, Calif.; formerly Senior Engr., Chf., Embankment & 
Foundation Soils Div., Waterways Experiment Station, Vicksburg, 


% Cons. Engr., Putte Eng. Co., Vicksburg, Miss. ; formerly Engr., Asst. Chf., Embankment & Founda- 


tion Branch, Svils Div., . 8. Waterways E xperiment Station, Vic: sburg, Miss. 
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CoMPACTION TESTS 


For compaction tests, California used the static load method standard 
procedure, both the laboratory and the field. this standard test the 
moisture-density relation was determined compacting specimens with 
static load 2,000 per in. the CBR mold. However, dynamic com- 
paction method was used alternate field procedure for control large 
percentage construction jobs, where quick control was required, because 
the material. 


The California static compaction test was not considered desirable for con- 
struction control because the field laboratories did not have access the com- 
pression machines needed for the tests. The California dynamic compaction 
test also required special equipment which would have constructed. 
Time was not available construct equipment and train personnel the use 
this new equipment. The laboratories did have equipment for conducting 
the compaction developed the American Association State Highway 
Officials (AASHO); therefore, modification this test was developed for 
construction control. This modification consisted increasing the weight 
the hammer from the height drop from in. in., and the 
number layers which the soil was placed the mold from and re- 
quired changing the hammer used the AASHO compaction test but did not 
change the molds other apparatus. comparison compactive efforts 
from limited data available indicated that the density results obtained this 
modification the AASHO compaction test closely approximated those ob- 
tained the California dynamic compaction tests. 


REMOLDED SPECIMENS FOR 


The modified compaction test first appeared construction control 
the June, 1942, publication the Engineering Manual for War Department 
has since become known the modified AASHO compac- 
tion test. partly modified California procedure for preparing test specimens 
was included this manual. The procedure included the use the modified 
AASHO compaction test control, and required that CBR test specimens 
prepared under static load 2,000 per in. optimum water con- 
tent predetermined the modified AASHO compaction 

After short period compacting the samples for CBR design tests 
accordance with this procedure, was evident that: 


The densities the samples being prepared for the CBR test were 
considerable variance with those obtained field equipment. This variation 
was particularly true for sandy materials low plasticity, for which field 


Specifications for Highway AASHO, Washington, C., 1947, test No. 


" “Airfield Pavement Design,” Engineering Manual for War Department Construction, Office of Chf. 
Engrs., Army, Washington, C., June, 1942, Pt. Chapter XX. 
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densities were greater than could obtained the static laboratory com- 
paction method. 

This differential density between the laboratory and the field soils 
low plasticity gave CBR values which were less than could expected 
the field. Therefore, unless the laboratory density soils low plasticity 
was improved, the CBR values for plastic soils and soils low plasticity would 
not comparable. 


view the shortcomings the partly modified California method 
preparing test specimens, was considered necessary modify the method 
further that, when penetrated, the specimens would more nearly reflect the 
relative stability the soil compacted during construction and later 
affected moisture changes. Two methods compacting the soil for CBR 
design tests were therefore considered: 


static load method using variable load produce the density desired; 
and 

impact method similar that adopted for field compaction control 
tests (modified AASHO test). 


After preliminary study, method was selected compact the samples for 
the CBR design test, since (1) the method was similar that adopted for com- 
paction control tests; (2) the equipment for the dynamic method was available; 
and static loads greatly excess 2,000 per in. were required com- 
pact sandy samples the density required. previously stated, laboratories 
were not supplied with static load equipment the high capacity required; 
and, because the war, such equipment could not obtained. 

The use the impact method for the preparation specimens for design 
tests was adopted second modification the Corps Engineers Sep- 
tember, 1942. was assumed the time that the main factor the prepara- 
tion the specimens for design tests was produce the required density. 
Also, that time, the use surcharge during penetration was introduced into 
the test procedures make the test more applicable for use with cohesionless 
materials. During the test the penetration surcharge was specified equal 
the anticipated overburden the field. For cohesionless soils was specified 
that drainage period min should allowed for removing any free water 
remaining the surface the specimen after soaking, thus preventing any 
surface disturbance softening that would result low CBR values. 

The California Division Highways, well several other state highway 
departments and agencies, found through experience and field observations 
that subgrade and base course soils (except clean sands) under impervious 
pavements usually increased water content capillarity and condensation 
moisture, regardless the ground-water elevation, and some cases became 
saturated. Although was recognized that this condition would not occur 
below all pavements, was impossible predict the ultimate moisture accu- 
rately. Therefore, the Corps Engineers, conservative, specified 
design based moisture conditions comparable those obtained soaked 
laboratory specimens which were considered approach the field saturated 
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condition. For this reason was stipulated that the CBR design penetration 
test should performed soaked specimens. However, provisions were 
made reduce the total pavement thickness 20% for ideal subgrade conditions 
and for subgrades with low moisture. 


LABORATORY STUDIES THE CBR Test 


Further modification and refinement the procedure for the preparation 
specimens and the method conducting the CBR test appeared desira- 
ble, because variations test results obtained between different laboratories 
the same material and between successive tests the same material one 
laboratory. Therefore, program investigation was formulated Novem- 
ber, 1942, conducted the Waterways Experiment Station. The pro- 
gram included laboratory tests twenty soils, determine the effect 
different variables the CBR, such the method compaction, water con- 
tent, density, time soaking, soaking surcharge, drainage time after soaking, 
penetration surcharge, rate penetration, and effect oversize particles. 
The principal conclusions and recommendations obtained from the laboratory 
study are given the following paragraphs. Details the study have been 
published the Waterways Experiment 

The laboratory investigation showed that variations CBR test results 
are largely explained the method preparing the test specimens. The varia- 
tions are systematic, however, and are caused primarily the effects three 
water content, density, and method compaction. The 
variations are probably valid qualitatively; but they may not strictly valid 
quantitatively, partly because the confining effect the 6-in.-diameter CBR 
mold. Consistent laboratory results can obtained only when the variables 
listed are given full consideration. Unconfined compression tests and triaxial 
shear tests indicated that the shearing resistances low strains show trends 
similar those found the CBR test for comparable test 
much the molding water content appears prime factor controlling 
the structural properties all except free-draining soils, follows that, re- 
molded soil, duplicate laboratory specimens cannot prepared unless molding 
water contents are duplicated, even the water contents and densities obtained 
subsequent molding are duplicated. other words, soil molded 
given water content and then this water content allowed increase 
decrease given amount, another identical soil specimen cannot repro- 
duced unless the entire cycle reproduced, starting the same molding water 
was felt that dynamic compaction rather than static laboratory 
compaction produces soil structure which more nearly simulates that ob- 
tained the prototype the usual construction methods. This premise 
was based principally logic rather than actual compaction data, since 
little information was available the soil structure produced field 
paction equipment. Subsequently, some field work was accomplished which 
indicated that, general, the structure produced field compaction more 
nearly duplicated laboratory dynamic compaction than static compac- 
tion, evidenced unconfined compression tests and triaxial shear tests. 
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Conclusions.—As result the laboratory studies, the following conclu- 
sions with respect the preparation remolded specimens appear warranted: 


The maximum dry densities obtained the modified AASHO dynam- 
compaction test not agree with those obtained the California static 
method with 2,000 persqin. The variation may much per 
ft, depending the type soil. 

Under laboratory dynamic (dropping hammer) compaction, practically 
all soils develop compaction curves with definite optimum water 
The compaction curves for soils low plasticity developed the static 
method compaction often not show definite optimum water content. 

Material should not used more than once establishing the water 
content-density relationship physical characteristics the original soil. 
All control compaction for CBR tests should performed the 6-in.-diameter 
CBR mold with the mold placed concrete floor pedestal for firm support. 

Small changes density greatly affect the CBR, especially high den- 
sities the order magnitude modified AASHO higher. The effect 
density most pronounced for cohesionless soils and soils low plasticity. 

Smali changes molding water content greatly affect the CBR un- 
soaked laboratory samples, except clean sands and gravels. constant 
density the unsoaked condition, the higher the molding water content the 
lower the CBR. 

The CBR for all soils compacted statically, and soaked, showed in- 
crease with increase molding water content constant density. 

The CBR for impervious, high-swelling soils compacted dynamically and 
soaked showed increase with increase molding water content for constant 
density. 

The CBR for specimens soils low plasticity with little swell, 
when compacted dynamically and soaked, showed appreciable decrease 
with slight increase molding water content for constant density This 
result especially significant, since generally believed that the shearing 
resistance not sensitive the molding moisture within normal laboratory 
control for soaked specimens compacted given density. 

Specimens compacted statically, the dry side optimum, swell more 
when soaked than specimens compacted dynamically the same density 
the same moisture. 

10. Laboratory soaked specimens soils with low plasticity compacted 
optimum moisture content compacted drier than optimum moisture con- 
tent the dynamic method have greater CBR values than corresponding 
specimens compacted the static method. one sand-clay tested, the CBR 
for dynamically compacted soaked specimens was approximately two and one- 
half times greater than statically compacted soaked specimens equal densities 
and approximately modified AASHO optimum. 

11. With one exception, the same trends described for the CBR test con- 
clusions through also occur unconfined compression tests and quick 
triaxial tests when maximum strength and stresses low strain are considered. 
The exception the test involving maximum strength values, with soaked 
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specimens compacted dynamically, which showed trends similar those ob- 
tained for soaked specimens compacted statically. This agreement con- 
sidered qualitative only, thus indicating the effect mold size CBR 
tests high density. 

12. The CBR specimen height should not less than in. for all soils. 

13. The most practical method for soaking test specimens submergence 
(soaking from top and bottom) for days. Less time required for some co- 
hesionless soils. 

14. general, the effect varying the soaking surcharge the CBR 
with increase plasticity the soil. The soaking surcharge greatly 
affects the CBR soils with from medium high plasticity; moderately 
affects that soils low and has practically effect the CBR 
cohesionless soils. 

15. satisfactory drainage time for all soils min. 

16. The increase CBR values for some soils above standard AASHO 
density may partly caused the confining effect the 6-in.-diameter mold. 


Conclusions with respect the penetration part the test are follows: 


(1) The penetration surcharge greatly affects the CBR cohesionless soil, 
moderately affects that soils low plasticity, and has practically effect 
that soils from medium high plasticity. 

(2) penetration rate 0.05 in. per min will give satisfactory results for 
all soils. 

(3) For consistency more uniform results, all stress-penetration curves 
that are concaved upward should corrected adjusting the zero point 
the curve establish new 

(4) closely-controlled constant-strain type loading apparatus should 
used. 

(5) Test results samples containing stones are erratic and modification 
the test procedure needed for these soils. Until such procedure 
developed, several tests should performed obtain average representative 
results. 


RECOMMENDATIONS 


Preparation equipment required for preparing 
and testing remolded specimens samples, for performing 
field, in-place, CBR tests, described detail soils prepared 
for the design test should have the same density and moisture conditions 
expected the field. Whenever the modified AASHO method control com- 
paction specified, the compaction tests should performed the 6-in.- 
diameter CBR mold using blows per layer. The mold should placed 
concrete floor pedestal and material should not reused. The following 
procedures for various types soil are applicable specifications the Corps 
Engineers. Two methods tests are described. 


California Bearing Ratio Test Applied the Flexible Pavements for 
Technical Memorandum No. 218-1, Experiment 
30, Figs. and and 40, Fig. 


tation, Vicksburg, Miss., July 1945, 
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Method 1.—When unusual construction weather conditions exist, 
method will furnish satisfactory CBR information plastic soils exhibiting 
little swell. The recommended step-by-step procedure for preparing 
for test follows (the procedure being extended cover 
soaking, where testing under this condition required): 


(a) All material larger than in. should removed and replaced with 
equal proportion material between 0.18 in. (No. sieve) and in. 

(b) Control compaction tests should conducted with sufficient number 
test specimens establish, definitely, the optimum water content for 100% 
modified AASHO density. five specimens should compacted with 
water contents within optimum water content, that the optimum 
condition can established rigidly. The fall the hammer must controlled 
carefully and the blows must distributed uniformly over the specimen. 
This procedure establishes the moisture content which specimens for CBR 
should molded. 
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(c) For the CBR tests the mold should fitted with extension collar 
and base plate (Fig. The mold should clamped with the fitted ex- 
tension collar the base plate and the spacer disk should inserted over the 
base plate. 6-in.-diameter coarse filter paper wire mesh should placed 
top the disk. 
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When results are required for soil 95% modified AASHO density, 
three specimens should compacted the optimum water content for 100% 
modified AASHO compaction, using different number blows for each 
specimen—namely, 55, 25, and blows per layer. The maximum allowable 
the molding water content should not more than +0.5%. 
Any specimens not falling within this range should discarded and new 
specimen compacted that does meet this requirement. specifications call 
for other than 95% AASHO density other than 100% AASHO moisture, 
revisions must made this procedure obtain specimens the required 
density. 

(e) The collar should removed, the specimen trimmed, screen 6-in.- 
diameter coarse filter paper placed over the top the specimen, and perfo- 
rated base plate clamped the top the test mold. 

(f) The test mold should inverted, the base plate and the spacer disk 
removed, and the density the specimen determined. 

(g) The adjustable stem and plate should placed the surface the 
specimen and annular weight applied produce intensity loading 
equal the weight the base material and the pavement within lb—but 
the weight shall not less than 

(h) The mold and the weights should immersed water allow free 
access the water the top and the bottom the test specimen. Initial 
measurements should taken for swell, using the dial gage and tripod (Fig. 
Specimens must allowed soak for days. shorter period time may 
permissible for more pervious materials. Final swell measurements should 
taken the end the soaking period and the swell computed percentage 
initial specimen height. 

The specimen must taken out water and free surface water re- 
moved, taking care not disturb the surface the specimen. The specimen 
must permitted drain downward for min. When removing surface 
water from impervious samples, necessary tilt the samples. When this 
done, the weight should held firmly place. The perforated plate and 
surcharge weights should then removed and the specimen weighed. The 
specimen now considered ready for the penetration test. 

(j) The results tests all specimens should plotted show the 


relation between density and CBR. The use this plot can seen from 
Fig. 


obtain this plot, specimens were prepared with modified AASHO effort 
determine the compaction curve for this effort (shown with points indi- 
cated circles). This series tests determines the moisture content 
which CBR tests should made (which optimum for the modified AASHO 
effort). Two more specimens are then prepared for test the optimum water 
content for modified effort using lower efforts blows and blows per layer. 

Three tests have now been made the optimum moisture for modified 
AASHO effort, with this effort and two lower efforts. When these specimens 
have been soaked and penetrated they yield curve, such shown Fig. 10, 
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CBR versus dry density constant molding moisture content. will 
shown later under method this represents one curve (8% moisture) the 
center plot Fig. 11. This curve intersects the 95% density intercept 
CBR 45% which the value which should used design. 


modified AASHO 
maximum density 


Dry Density, in Lb per Cu Ft 


Water Content, in Percentage Dry Weight a, if in Percentages 


or Equipment Paevents A More 


emphasized that method will give satisfactory results the laboratory 
only when the molding water content controlled closely within the tolerance 
specified (d). Since the tests are performed for one molding 
water content, indication (either quantitative qualitative) given 
how this soil group will behave placed the field any water content other 
than that for which the laboratory tests are performed. 

Method 2.—Where unusual construction and weather conditions are likely 
occur and where soils are encountered that are very critical with changes 
moisture, method described herewith, recommended for plastic soils 
exhibiting little swell, furnishes more complete information. CBR 
test results are affected the density and molding water content the soil 
specimens. detailed information desired regarding the effect molding 
water content and density CBR over wide range values, recom- 
mended that the variations determined for typical soils encountered the 
job. series specimens should prepared and tested, follows: 


(a) All specimens should prepared manner similar that outlined 
under method except that each specimen used the development the 
55-blow compaction curves should penetrated, addition, the complete 
compaction curves for the 25-blow and 10-blow per layer compactive efforts 
should developed and each test specimen compacted should penetrated. 
both soaked and unsoaked data are desired, the specimen may molded 
with alternate samples being soaked before penetration. All compaction 
performed the 6-in.-diameter CBR mold, using the hammer dropped 
each layer. may necessary include effort greater than the 
55-blow effort, the event greater compaction the field possible, 
result initial rolling traffic with very heavy wheel loads. 


Corrected CBR (Percentages) 


Dry Density, in Lb per Cu Ft 


4 
125 

maximum density 

Blow per layer 

q 
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(b) The data from method should plotted shown Fig. 


method the material was clay-sand with liquid limit and 
plasticity index assumed that specified field control required 
minimum dry density the 95% modified AASHO maximum and water con- 
tent range 8%. All specimens were packed five layers 
the CBR mold using the hammer and 18-in. drop, after which they 
were soaked for days the CBR mold and then penetrated. method 
surcharge was applied for the soaking and the penetration tests. 
The tests plotted Fig. 11(b) revealed swelling during the time that the 
specimen was being soaked. The shaded area this illustration the region 
that will yield CBR range from 46% 105%. 
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Corrected CBR (Percentages) 


Corrected CBR (Percentages) — 


135 70 maximum density 

ve 
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£ 
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Water content versus 

> 116 density after soaking 


(b) MOLDING WATER CON- 
TENT VERSUS DENSITY 


Water Content, in Molded Dry Density, in Lb per Cu Ft Molding Water Content, in 
Percentage Dry Weight Percentage Dry Weight 


Method valuable obtain test results soils that are greatly affected 
small changes density and molding water content; supplies picture 
the CBR characteristics, within the range the field control expected, which 
will useful establishing the limiting CBR values. The test results 
obtained method should used connection with the design curves, 
with the full understanding that the variations obtained may valid only 
qualitatively. 

Comment.—The procedure for preparing specimens all swelling soils 
the same that for soils low plasticity, except that the specimens should 
prepared water content and density controlled swelling tests. The 
swelling tests are performed the samples used developing the compaction 
“The California Bearing Ratio Test Applied the Design Flexible Pavements for 
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curves. Method the most desirable this case, that full cognizance 
can taken the swelling effects for three compactive efforts. the basis 
the density and the moisture conditions expected the field, the proper 
CBR value can selected from the family curves. method used, 
the moisture content which swelling ceases noted. This cessation usually 
occurs optimum the wet side optimum. Specimens for the CBR 
test are then prepared the moisture and the density indicated. the 
moisture control the point swell appreciably the wet side modified 
AASHO optimum compactive effort (less than modified) should chosen 
for which the selected moisture approximately optimum. 

Cohesionless soils less than that will readily compact under rollers 
traffic, the maximum density specified the modified AASHO method, 
should prepared described method except that specimens should 
prepared 100% modified AASHO maximum density only for the CBR 
penetration test. Several specimens should tested for CBR and the average 
used for design. Cohesionless soils that not compact readily should 
prepared described method 95% modified AASHO maximum den- 
sity. general, soaking will not lower the CBR cohesionless soils and may 
omitted. However, occasional cohesionless soils, saturation may 
factor, which case the specimen should soaked. 

The method soaking undisturbed samples molds cylinders the 
same that for remolded samples the CBR mold described method 
After soaking, making swell measurements, allowing for drainage, and making 
density determination, the samples are considered ready for the penetration 
test. this type sample not soaked, the seal coating removed 
from one end the container, the surface made level, and the penetration 
test performed the usual manner. 

The method soaking undisturbed samples taken boxes can im- 
provised and swell readings can obtained using the same perforated plate, 
surcharge weights, and tripods used with the standard CBR mold. Since 
the boxes are usually coated before being sent the field, the swell the boxes 
themselves negligible. the event soaking not required, the seal coating 
can removed from one end, the surface leveled with thin cover sand 
necessary, and the penetration test conducted with the standard testing equip- 
ment the usual manner. The fact that the box construction must rigid 
should stressed. 

Penetration Test laboratory step-by-step procedure for 
this phase the design test follows, and should used undisturbed 
remolded samples after the testing surface has been prepared: 


(a) penetration surcharge should applied all soils sufficient 
produce intensity loading equal the weight the base material and 
overlie the soil the prototype represented the sample, except that the 
weight shall not less than lb. The weight applied must estimated; 
and, does not produce the intensity present the final design, the test 
should repeated. the sample has been previously soaked, the penetration 
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surcharge should equal the soaking surcharge which, turn, should have 
been estimated and governed the conditions described method 1(g). 
soils condition for which expected that low CBR value will 
obtained, advisable apply the penetration piston and the penetration 
surcharge weights either one two 

ways, prevent upheaval the soil into 

the hole the surcharge weights. the 
first method, one 5-lb annular disk sur- 
charge should applied the soil surface, 


the penetration piston then seated with 
10-lb load, and finally the remainder the 

surcharge applied the use slotted 

5-lb surcharge weights. the alternate 
method, special locking and alinement 
device shown Fig. can used.” 

(The pin the top fitted that 
the penetration piston flush with 

bottom the surcharge weight.) 


(b) The penetration piston should 
seated with 10-lb load and the dial gage 
set zero. The purpose load 
before starting the penetration test 
insure satisfactory seating the piston, 
and should considered the zero load 


when determining stress-strain relations. 


16 threads 
per in. 


Bore 2.875 
in. diameter 
0.125 im. ) 

length 


(c) Load the penetration piston 
penetration approximately 0.05 in. per 
min. Load readings should obtained 


using manually operated loading devices, may necessary take 
more load readings assistance controlling the rate penetration. 

The moisture content should determined the upper inch and, 
the case the laboratory tests, for the entire depth the sample. 

(e) The penetration load pounds per square inch should 
and the stress-penetration curve drawn. obtain true penetration loads 
from the test data, the zero point the curve should adjusted correct 
for the initial concave-upward shape, present. 

The corrected load value should determined and 0.2-in. 
penetration. Next, the corrected CBR should determined for and 
0.2-in. penetration dividing the load 0.1 in. and 0.2 in. the standard 
loads 1,000 per in. and 1,500 per in., respeetively. ratio 
should multiplied 100 convert percentages. 

The CBR usually selected 0.1 in. penetration. the CBR 
0.2-in. penetration greater than that penetration, the test should 
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rerun. check tests give similar results, the CBR 0.2-in penetration 
should used. 


The step-by-step procedure recommended the conduct field in-place 
CBR tests follows: 


The surface tested should prepared removing loose and 
dried material, leveling the test area perfectly practicable. 

The should located that the center the iron beam the 
rear end directly over the surface tested. The track jacks should 
placed beneath the ends the iron beam and the truck lifted that weight 
rests the springs and that the truck approximately level. The truck 
should loaded sufficiently give counterreaction about 7,000 lb. 

The swivel head and test jack should installed the underside and 
the center the iron beam, the proving ring connected the end the jack, 
and the penetration piston placed from within in. in. the surface 
tested. The rod level should fastened the pipe extension and the 
swivel head adjusted until the penetration piston plumb. Then the appa- 
ratus should locked position tightening the clamping nut the swivel 
head. 

The 10-in. steel surcharge plate should placed beneath the penetra- 
tion piston that when the piston lowered will pass through the center 
hole. 

The penetration piston should seated under load (for rapid 
setting use high-gear ratio jack). 

The surcharge plate should raised while the seating load the 
piston and clean fine sand spread depth from in. in. over the sur- 
face covered the plate. This procedure serves distribute the weight 
the surcharge uniformly. 

Surcharge weights should applied the steel plate equivalent 
the load intensity the material and the pavement which will overlie the 
subgrade the base, except that the minimum weight applied should made 
the 10-lb circular steel plate plus one 20-lb surcharge weight. This 
minimum weight creates intensity loading equal that created the 
10-lb weight used the 6-in.-diameter CBR mold the laboratory. 

The penetration dial clamp should attached the piston that the 
dial rests the dial support. 

The dial gages should set zero. 

Load should applied the penetration piston that the rate 
penetration approximately 0.05 in. per min. using the low-gear ratio 
the jack during the test, uniform rate penetration can maintained 
the operator. The deflection the proving ring should recorded penetra- 
tion depths 0.025 in., 0.05 in., 0.075 in., 0.1 in., 0.15 in., 0.3 0.4 in., 
and 0.5in. The CBR then computed the laboratory test. 

the completion the test, sample should obtained the point 
penetration for water content determination. sample should also 
obtained from about in. in. away from the point penetration, for 
density determination. 


May, 1945, p. 234. 


= 


FLEXIBLE PAVEMENTS 485 


TEST SECTION NO. 
STOCKTON FIELD, CALIFORNIA 


One the major field tests the research program instigated check the 
tentative design curves was the accelerated traffic test conducted Stockton 
Field 1942. Authorized the Office the Chief Engineers, the work was 
done personnel the California Division Highways and the Sacra- 
mento District the Corps Engineers, under the supervision the writer. 


DESCRIPTION PROJECT 


The test section was located Stockton Field for number reasons. 
the first place, runways and taxiways that had been constructed 1936 
over the adobe subgrade (CL-OL the Airfield A-6 and A-7 
the PRA had failed during the winter under the 
operation AT6A training planes having wheel loads only 2,000 lb. This 
performance indicated that the subgrade was about poor quality 
could expected any proposed airport site; hence, tests this site would 
valuable checking the tentative design curves the low CBR range. 

the second place, the moisture content the subgrade and the subsoil 
had become uniformly equalized under old paved taxiway that had not been 
subjected traffic and therefore had not failed. This taxiway provided 
satisfactory area for the test section and also for determining the magnitude 
the pavement deflection caused the action the AT6A planes (2,000-lb 
wheel load) that caused failure the adjacent runways. 

Before constructing the test section, borings were made depth 
beneath both the taxiway and the old runway determine the character and 
the uniformity the subgrade and the subsoil. Undisturbed samples were 
also obtained under the selected area determine the moisture content and the 
bearing ratio the subgrade. These explorations indicated that the old run- 
ways and taxiways consisted about in. sandy loam soil, the top in. 
in. being stabilized and then sealed with emulsified asphalt. Both the un- 
treated sandy loam and the stabilized material appeared well compacted. 
The stabilized material also appeared relatively dry and very stable, although 
somewhat brittle. The subgrade and the subsoil depth consisted 
black adobe CL-OL classification (A-7 the PRA classification). This 
material contained approximately 30% moisture, and laboratory tests un- 
disturbed samples gave CBR values ranging from 0.1-in. deflec- 
tion and averaging approximately 5%. Remolded samples compacted the 
field density the natural water content gave CBR values when con- 
fined surcharge 0.45 per in. during the soaking period and 
when confined surcharge per in. (the approximate pressure 
beneath pavement and base) during the soaking period. 

The subsoil below the black adobe depth was found 
relatively compact gray clay CL-OL classification (A-7 the PRA classifica- 
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tion) containing from 25% 30% moisture. general, the soil conditions 
were similar beneath the runways that failed and the taxiway area selected for 
the runway test section, which did not fail. 

The runway test section (Fig. 13) was constructed top the old taxiway 
after measurements had been made the deflection produced both static 
and dynamic wheel loads the AT6A plane. Some the deflection points 
were left place permit measurement the deflection the bottom the 


Feet 


Crushed gravel base 


Olid taxiway 6in. sandy loam A-7 adobe subgrade 
Stabilized with emulsion 


(a) TYPICAL SECTION 


Base line old taxiway Stations Toe slope 
Top slope 


Edge of pavement 


Toe of slope 


© 
= 
= 
a 


Static load tests made on subgrade 
and old taxiway pavement in this area 


Edge of old taxiway 


(b) PLAN 


o 


Deflection points 


Elevation, in Feet 


Old taxiway 6in. sandy loam 
adobe subgrade Stabilized with 


(c) PROFILE 


base beneath the completed test section. The old pavement was scarified 
lightly and then rolled before placing new material provide bond and 
eliminate any possibility the base slipping the hard smooth surface the 
old taxiway. With the exception the thickness sandy loam the old 
taxiway, the entire base course consisted well-graded mixture sand and 
gravel, and crushed gravel. Whenever the total thickness pavement 
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and base referred this paper, includes the 6-in. thickness sandy 
loam the old taxiway. 

The base material was obtained from commercial plant Tracy, Calif., 
and the aggregate gradation was closely controlled insure uniformity 
throughout length and the depth the base the test section. This ma- 
terial approximately comparable quality many the pit-run and bank- 
run gravel bases readily available many areas the western states. After 
soaking, this material had CBR 85%. The base was thoroughly compacted 
layers from in. in. thick, placed optimum moisture relative com- 
paction from 87% 100% the maximum density obtained the static 
compaction test the California Division Highways. Although each layer 
was rolled and compacted with 12-ton roller, small degree consolidation 
occurred during the traffic tests the result the repeated action the heavy 
wheel loads. Where the thickness the base course ranged from ft, 
settlements from in. in. occurred during the traffic test without causing 
failure the pavement. This action consistent with highway experience 
where repetitions dynamic wheel loads produce greater density than 
obtainable during construction. Even when the material placed thin 
layers, the moisture content carefully controlled, and heavy rollers are used. 

Asphaltic concrete pavement in. compacted thickness was placed over 
the entire test section. The pavement mixture contained approximately 
material passing 200-mesh sieve and 5.4% penetration asphalt (by 
weight) provide highly flexible pavement without inducing instability 
the mixture. The pavement remained stable and showed signs either 
flushing displacing during the traffic tests. also proved very flexible 
and withstood the repetitions the wheel loads, satisfactorily and without 
where the thickness the base was sufficient eliminate plastic 
flow the subgrade. areas having insufficient thickness, substantial 
grooving developed before serious cracking and initial failure occurred. 


TESTING PROGRAM 


The objective the test section was check modify the tentative 
design curves the actual service behavior test pavement constructed 
subgrade with low CBR value. Information was desired for wheel loads 
ranging from few thousand pounds approximately 53,300 lb. Because 
lack time, was impossible make complete traffic tests with large numbers 
repetitions wheel loads over the full range investigated; hence, was de- 
sired that indirect observations used the fullest possible extent predict 
the behavior the test section. Therefore, direct traffic tests were made under 
wheel loads 25,000 and 40,000 Ib, and the deflections the pavement and 
the subgrade were measured under both static and moving wheel loads 
2,000 5,000 10,000 Ib, 25,000 Ib, 40,000 Ib, and 53,300 lb. Static bearing 
tests circular steel plates were also made provide basis for possible cor- 
relation with measurements under pneumatic wheel loads used the traffic tests 
and the deflection observations. 

Pavement measurements under both static and mov- 
ing wheel loads had been used rather extensively the California Division 
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Highways its study the performance flexible pavements. Special elec- 
trical equipment developed that division permitted the measurement very 
small deflections under rapidly moving wheel loads. Highway experience in- 
dicated that the deflection flexible pavements under the maximum highway 
wheel load 10,000 should not exceed 0.02 in. 0.03 in. cases where 
large number repetitions million more) anticipated. Because the 
lesser number repetitions anticipated airfield pavements, deflections 
approximately 0.05 in. were judged permissible provided that the pavement 
good and does not become brittle. Also, the allowable deflections under 
the heavier wheel loads should slightly larger because the larger contact 
areas the heavier loads which produce flatter curvature the pavement. 

Gages for the measurement deflection (vertical movement) were placed 
five points the surface the subgrade and seven points the surface 
the pavement (for positions, see Fig. 13(c)). The gages were installed 
locations selected cover the range between in. and in., the total thick- 
ness pavement and base, and were placed inside the right edge the 
pavement. The deflection measurements for each wheel load were made 
the point having the least thickness and then progressed the ramp the 
point maximum thickness. This order was followed reduce the effect 
load repetition minimum. The deflection tests were made with the 
following wheel loads the order listed: 


Wheel loads, pounds Equipment used 


The the pavement under dynamic wheel loads was measured 
speed about miles per hr. For each wheel load dynamic tests were 
made prior the static tests. the static tests, the total deflection was 
recorded after the wheel load had remained over the deflection point until 
movement had apparently ceased. The time varied from min min. 

summary deflection measurements under the foregoing wheel loads 
presented Table Points interest relative each the wheel loads are 
reviewed subsequently. 

2,000-Lb Wheel Load.—Deflections were observed five locations the old 
taxiway pavement in. thick), under wheel load 2,000 lb. The average 
results the five readings were follows: 


Loading condition inches 


All these areas contained cracks; hence, extra test was made location 
free cracks. This test resulted dynamic deflection 0,034 and 
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static deflection 0.048 in., which are both less than half the values observed 
for the cracked areas. Fine hair cracks developed while the plane was taxiing 
over the test area. This behavior clearly indicated that the pavement was not 
capable withstanding deflections approximately 0.05 in. for even few 
repetitions. Additional repetitions would have been required; course, 
increase the number and the size the cracks and cause complete failure. 


TABLE AND DEFLECTION, INCHEs, 
Test Section No. 


Wheel 
Deflection Points; see Figs. 13(6) and 
kips? 
r 


8 = static. * Thicknesses of pavement and base in inches. 4 B-24-D bomber. ¢ Deflection was too great 
measured properly with electric gages. 


Wheel under the 5,000-lb wheel load are given 
Table Bearing tests rigid plate resulted pavement deflections 
from 110% 150% the static wheel load values. This relationship just 
opposite that found for the heavier wheel loads. 

this wheel load, tests were made determine the effect tire pressure 
the deflection the top the pavement and the deflection the top 
the subgrade. These tests indicated that the changes air pressure the 
tires from per in. per in. greatly influenced the deflection 
the top the pavement, but had little influence the deflection the top 
the subgrade. Although the results were only sufficient show trend, 
logical assume that the higher tire and contact pressures are particular 
importance selecting pavement and base materials for the upper part 
roadway runway. 

10,000-Lb Wheel Load.—Bearing tests made rigid plate having con- 
tact area comparable that the tire used for the 10,000-lb wheel load tests 
resulted from about 20% 25% less deflection than that obtained for the 
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static wheel load. Referring Table may noted that deflection 
approximately 0.04 in. was obtained the bottom the base for total thick- 
ness Highway experience California indicates that minimum 
in. flexible pavement and base desirable over this class soil roads 
that carry large volume heavy truck traffic (maximum wheel loads 
approximately 9,000 Deflection measurements have also indicated that for 
highway conditions the dynamic deflections should not exceed 0.03 in. 0.04 
in. and that even this amount permissible only the event the flexible pave- 
ment good and not brittle. Observations made during seventy-six trips 
over the pavement required for this series tests indicated that some plastic 
flow the subgrade may have occurred during the time interval the static 
load test for thicknesses less than in. Thus, additional traffic even 
rolling load would probably have caused progressive plastic deformation re- 
sulting grooving and ultimate failure after sufficient number load 
repetitions. 


LEGEND 


SYMBOL DESCRIPTION AVE. PRESSURE 
© Moving wheel (tire) load 65 Ib per sq in. 
© Static wheel (tire) load 65 Ib per sq in. 

+,X% Checks after 5,692 repe- 

Data for @ Moving wheel (tire) load 64 Ib per sq in. 


Deflection of Bottom of Base, in inches 


thickness (old taxiway) 


i+) 10 20 30 40 50 
Total Thickness of Pavement and Base, in Inches 


25,000-Lb Wheel 


LeTourneau and static deflections measured under the 
wheel load are included Table These data are also shown 
Fig. 14, typical plot the deflection the bottom the base versus total 
thickness. Bearing tests with footprint area and contact pressure corre- 
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sponding that the tire used for the test resulted deflections 
from 35% 55% less than the values measured with the static wheel load. 
The deflection was checked the 36-in. thickness after traffic was completed 
with the wheel load determine the increased deflection that resulted 
from the cracking and the weakening the pavement and the base. The 
pavement this point showed 15% increase deflection after the develop- 
ment cracking. The deflection the bottom the base the 38-in. 
thickness, where the cracking had not yet developed appreciable extent, 
was slightly less than readings obtained before traffic. The indications are 
that plastic flow occured thickness in. Any plastic flow the 
subgrade probably will cause progressive grooving, cracking, and failure with 
additional load repetitions. The rate failure relation load repetition 
would undoubtedly depend large extent the magnitude the plastic 
deformation per repetition. 

B-24-D Bomber.—A B-24-D bomber was made available for few hours 
the Fourth Air Force. view the limited time that the bomber was 
available, deflection tests were made only the bottom the base two 
points. Dynamic and static deflections measured those two points are 
included Table and Fig. 14. will noted that the deflections caused 
the bomber were approximately 20% less than those for similar tests made 
with the carryall having wheel load 25,000 lb. attempt was made 
obtain quick but accurate determination the wheel load and footprint area 
for the bomber. Difficulty was encountered making these measurements; 
therefore, the accuracy was not great desired. closely could 
determined, the wheel load was 24,000 and the contact pressure was 
persqin. addition the deflection measurements for the B-24-D bomber 
that are included Table tests were made determine the effect the 
vibration the motors. These tests (plotted Fig. 14) indicated that vibra- 
tions increased the deflections only slightly over the values obtained for the 
static load with the motor dead. Although these results are 25% higher than 
the deflections measured under the rolling wheel load, probable that the 
tests had been made lesser thickness pavement the influence the 
dynamic load would have been much greater. 


40,000-Lb Wheel Load.—Values deflection measurements for the 40,000-lb 
wheel load, given Table are maxima. The longitudinal distribution 
deflections under the moving wheel load given Fig.15. Thedata 
for these curves were obtained from oscillograph films for the deflection points 
and 14, Fig. 13. The footprint was 20.25 in. wide 31.25 in. long, 568 
in., and the average tire contact pressure during the tests was per in. 
tests with the wheel load and the 53,000-lb wheel load, the 24-in. 
tire was overloaded and the air pressure (59 per in.) could not 
dropped sufficiently reduce the contact pressure the desired range 
from per in. per Heavy bombers, however, usually 
carry higher air pressure and therefore the deflection curves probably approxi- 
mate actual field service conditions. Bearing tests rigid circular plates 
gave somewhat erratic results but general indicated from 15% 45% less 
deflection than was obtained under the static wheel load. similar dis- 
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section was subjected 3,730 coverages 40,000-lb wheelload. For the first 
1,600 repetitions, traffic with the 40,000-lb load was concentrated one rut, 
but after 1,600 repetitions traffic was spread over area about three times 
the width the tires. Traffic with the 25,000-lb wheel load was spread over 
three tire widths for the entire period. Traffic lanes were developed near the 
edges the test section for the outer wheels the equipment and near the 
center the section for the inner wheels the equipment. Since the behavior 
the outer lanes was influenced the proximity the wheels the edge 
the pavement, only the behavior the inner lanes evaluated the traffic 
tests. traffic progressed, measurements were made determine the amount 
grooving and the extent cracking the pavement. 

Observations were recorded that show the extent cracking the pave- 
ment, rutting, grooving, and roughness. considered that the extent 
which these detrimental behavior characteristics progressed from the thin 
end toward the thick end the test section indication the extent 
shear deformation the subgrade for the following reasons: The 3-in. asphaltic 
concrete was flexible and good quality; therefore, part the detrimental 
behavior can attributed weakness the asphaltic concrete. The base 
course was good quality and well compacted; evidence shear deforma- 
tion was found the base course and only nominal amount consolidation 
occurred. Therefore, the cause the detrimental behavior must have been 
the subgrade. The adobe clay subgrade was practically saturated and was 
too impervious drain, which prevented any appreciable compaction 
consolidation occurring under traffic. The cracking, rutting, grooving, and 
roughness that occurred are attributed, therefore, plastic flow shear 
deformation the subgrade. 

25,000-Lb Wheel Load—Deep rutting and complete failure progressively 
developed during the 1,920 coverages the wheel load from the thin 
end the pavement the 16-in. thickness. Cracking and grooving the 
pavement the extent classified failure occurred approximately the 20-in. 
thickness. Most the 1,920 coverages were made relatively warm weather. 
Because this and the very flexible character the pavement, cracks did not 
develop greater thicknesses even though the surface grooved and roughened 
the 30-in. thickness. 

20-in. thickness pavement and base was inadequate protect the sub- 
grade for 1,920 coverages. The data indicate that 23-in. 28-in. thickness 
would required prevent detrimental shear deformation the subgrade. 
Since the subgrade had average CBR 5%, these values are substantial 
agreement with the 26-in. thickness required the design curves for sub- 
grade having CBR 5%. 

40,000-Lb Wheel Load.—Failures developed progressively with traffic repe- 
titions from the thin end the thicker parts the test section and ultimately 
the point where the total thickness pavement and base was This 
thickness was not sufficient prevent excessive shear deformation the sub- 
grade for 3,900 coverages the wheel load. Cracking also occurred 
greater thicknesses pavement and base, but generally disappeared under 
the action traffic warm weather. 
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crepancy has been found other tests, and appears that the shape and the 
rigidity the bearing plate greatly influence the static load test results. 
Under actual tire loads the pavement can bend throughout the loaded area, 
whereas with the rigid plates essentially all the bending the pavement and 
the base must occur outside the loaded area. 


Direction of travel 


Deflection of top of pavement; 
total thickness of pavement ~ 
+base = 30in. 


Partly permanent deformation 
which resulted 24-inch 
groove at 8,000 load repetitions 


Deflection of bottom of base 
total thickness of pavement 
+base = 32 in. 


Deflection 10-3) 


Distance Back of Wheel Load, in Feet Distance Ahead of Wheel Load, in Feet 


53,300-Lb Wheel Load.—Deflections measured under the 53,300-lb wheel 
load are included Table Bearing tests made the pavement where the 
total thickness was in. gave very erratic results. Disregarding these tests, 
the deflections the other thicknesses varied from 10% very large indeter- 
minate amount less than the values obtained for the static wheel load. Large 
deflections were obtained for the thinner pavement sections. Tests under this 
heavy load and also under the load indicate large differences between 
the deflection the top the pavement and the bottom the base. The 
values measured the top the pavement were higher primarily because 
elastic deflection and, lesser degree, because the consolidation deforma- 
tion the base. Even the thickness base were entirely adequate 
eliminate all plastic deformation the subgrade, the flexible pavement must 
good quality and very flexible withstand large number repetitions 
deflections the order the minimum for this load, which was 0.138 in. 


The left side the test section was subjected the traffic 
wheel load for maximum 1,920 coverages after the static load bearing tests 
had been completed top the pavement. Similarly, the right half the test 


Length of foot print 
in 
65-14-50! 
= 4779/7777 4 } 
Delayed return and 
permanent deformation | | 
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30-in. thickness pavement and base was not adequate protect the 
subgrade from shear deformation. The data indicate that 32-in. 36-in. 
thickness would required prevent excessive shear deformation the sub- 
grade. For subgrade with CBR (which the average CBR this 
subgrade), the design curves call for in. base and pavement for 
wheel load. The 32-in. 36-in. range indicated these tests only slightly 
greater than the thickness required the design curves. 


appears that the following conclusions can drawn from the traffic and 
data for soil, base, and pavement conditions comparable those 
present this test project: 


(a) The results obtained from the traffic tests are indicative the service 
behavior runway pavements where traffic not concentrated near the edge 
the pavement. 

The thicknesses pavement and base required according the test 
are reasonable agreement with those required the CBR design curves. 

(c) Some increase the total thickness pavement and base shown 
the design curves indicated for taxiway operations where large volume 
traffic may concentrated near the edges the pavement. 

(d) The base used the test section was good and remained stable through- 
out the traffic tests. 
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SERVICE BEHAVIOR TESTS, BARKSDALE FIELD, 
SHREVEPORT, LA. 


RALPH Assoc. ASCE 


Another research program conducted obtain information for the design 
curves was the flexible pavement investigation conducted Barksdale Field, 
near Shreveport, where special test tracks were built study the base require- 
ments plastic clay subgrade. Barksdale Field was selected for the service 
behavior tests was believed that the subgrade this site would repre- 
sentative the plastic clay subgrades which might encountered the con- 
struction flexible pavements the southern part the United States. The 
specific purpose the tests was determine the following factors for flexible 
pavements using and 50,000-lb wheel loads: 


(1) The total thickness pavement and base necessary prevent detri- 
mental shear deformation the subgrade; 

(2) The effect the quality base materials the total specified thick- 
ness pavement and base; 

(3) The quality base materials required directly under the pavement; and 

(4) The adequacy the compaction requirements adopted the Chief 
Engineers* prevent detrimental consolidation the base materials and 
the subgrade. 


Tyler Sieve Openings, in inches { Tyler Standard Sieve Numbers 


nN w 


Percentage of Sample Finer, by Weight 
uo 
=) 


~ 


Grain Size, 


Senior Engr., New England Div., Corps Engrs., Boston, Mass. 

%“‘Airfield Pavement Design: Flexible Pavements,” Engineering Manual for War Department Con- 
struction, Office the Chf. Engrs., Army, Washington, C., May, 1947, Pt. XII, para- 
2-03. 
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Information desired pertaining the action the pavement, base 
materials, and subgrade under traffic conditions and other data that might 
useful the development design methods for flexible pavements. For 
these reasons, the service behavior tests were conducted such manner 


TABLE CONSTRUCTION MATERIALS THE 
AND PAVEMENT 


Angeles 
limit, | ticity age |shrink- sues PRA dry ture | tested 
WL index, | limit age |* weight | content 
P 
(2) (3) (4) (6) (7) (8) (9) (10) 
2 | Clay-gravel No. 1....| 27.7 15.7 16.8 7.4 GF A-2 138 6 24.5 
3 | Clay-gravel No. 2....| NP NP 18.9 -.-. | GF-SF A-3 131 7 26.2 
4 NP NP 21.2 .... |/SW-SF A-3 116 10 
5 | Selected loam........ 25.9 74 21.5 2.0 ML A4 118 13 
45.1 27.5 11.7 16.1 |CL-CH| A-7-6 114 14 


In Cols. 2 and 3, lines 1. 3, and 4, NP denotes ‘‘nonplastic.” ‘Classification and Identification of Soils,” 
Arthur Casagrande, ASCE, Vol. 113, 1948, 901. Modified compaction tests adopted 
by the American Association of State Highway Officials: In Col. 8, the maximum unit dry weight expressed 
in pounds per cubic foot; and, in Col. 9, the optimum moisture content expressed as percentages of dry 
weight. ¢ Percentage of wear. ¢ For other characteristics, see text. 


afford opportunity for study the following addition the study the 
behavior under traffic: (a) Deflections the pavement, base, and subgrade 
under moving and static wheel loads, and under circular bearing plate loads; 
pressures induced the surface the subgrade moving and static wheel 
loads; and (c) CBR and plate bearing test procedures and results. Detailed 
results the tests were 1944. 


The physical properties the test data are summarized Table grain- 
size curves the materials are shown Fig. 16. description the material 
Table follows: 


Line Description 
The limestone blend was fairly well-graded, soft, crushed lime- 


stone with sand and some fines. was not considered com- 
parable hard, well-graded crushed rock. 


Clay-gravel No. was fairly well-graded sandy gravel with 
plastic binder. 

Clay-gravel No. was fairly well-graded gravelly sand with 
silty binder. 

This sand was fairly well graded and silty with trace clay. 


Lines and were pit-run materials from local deposits. 


Barksdale Field Service Behavior Engr. Office, Little Rock, Ark., October, 


$_ $_ $_ $$ $_ “ 
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This material was sandy clayey silt selected loam. 
This material was medium plastic clay. 
The soil cement was mixture selected raw soil loam the same 


item mixed with Portland cement. The tests revealed 
average 8.6% cement volume. The cement content and the 
unit dry weight the soil cement were lower than indicated 
necessary design tests. 

The relative density the asphaltic concrete was 98.7 and the 
field stability tests,” developed Prévost Hubbard, Affiliate, 
ASCE, were performed under load 2,148 lb. The extraction 
test disclosed 6.4% bitumen and the penetration the residue 
77°F (100 sec) was 74. 


The aggregate for the asphaltic concrete (line Table was the same for 
the limestone blend (line 1), except that all the material was crushed pass 
the the sieve analysis for the mineral aggregate being 


Percentage 
Screen passing 


Subgrade.—The subgrade was alluvial deposit reddish brown black, 
medium plastic clay which was relatively uniform structure and moisture 
content. The clay deposit extended depth about and was under- 
lain deposit sandy clayey silt which extended explored depth 
ft. During the traffic tests the water table elevations varied from about 
below the surface the subgrade. The CBR the subgrade was be- 
tween and 7%. 

Base this paper the term base has been 
used indicate the limestone blend, clay-gravels Nos. and and sand (lines 

pavement consisted 3-in. wearing course hot-mix 
asphaltic concrete which was excellent quality and uniform throughout. 


PRoGRAM 


test section designed accordance with tentative design curves for 
and wheel loads was constructed the medium plastic 
clay subgrade. Extensive tests the subgrade and the materials locally 
available for base course construction were conducted determine the CBR, 
the compaction requirements, and the other properties prior design and con- 
struction the test pavements. The subgrade was stripped level and com- 
pacted, and test section consisting two test tracks, one for the 


Rational Design Asphalt Paving Research Series No. Asphalt Inst., October 


100.0 
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Elevation Above Mean Gulf Level, in Feet 


Elevation Above Mean Gulf Level, in Feet 
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= 


PLAN 


H tal le, in t 
aging ° 10-20" 30 0 80 90 
indicates location of: — = = 

© surface and subgrade deflection plugs NOTE: 
O _ surface deflection plugs only Layer thicknesses are design values 


Item no. 3 
no. 8 item no. 1 
3in 
Cl, 3 in. calcium chloride 
6 in. sand 
23 in. selected loam 3 
159 original ground 23 in. selected loam 5 
selected loam 
plastic clay) 
(6) SECTION A-A; PROFILE 50,000LB WHEEL TRACK 
N 
= Item no. 4 Item no. 6 
162 3 in. sodium chloride 
161 : 7in limestone b blend J ‘ 
gravel 3 in. asphaltic concrete 
4 in. clay gravel no. 1 send 
orig’nal ground ng 
$e 
158}— Approxi- 
mately 12 in. xe? 
Stripping line in. clay gravel no. 2 a zo 
157 4in. selected loam 
156 SECTION B-B; PROFILE 50,000LB WHEEL TRACK stripping line 


11+25 
10+25~10+ 50. 10+75..11+00 114+50. 11+75 
Item no. 4 Item no. 6 
\\ Item no. 5 Item no. 7 
20,000b whee! track 
D © © © © 
D © © © © 
50,000-1b wheel track 
Crown Toe 
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wheel load and the other for the 50,000-lb wheel load, was constructed. The 
test section was oval shape with two parallel paved straightaways joined 
the ends semicircular unsurfaced Inner and outer tracks 
were constructed for the 20,000-lb and the 50,000-lb wheel loads, respectively. 
plan and typical profiles the test section are shown Fig. test 
track comprised four different types bases, follows: (1) layered base 


Test SEcTION 


Tracking 
0. wheel 


Contact Contact 


(a) 50,000-Ls Wueet Loap 


EUCLID FOUR-WHEEL RUBBER-TIRED TRACTOR AND 
MODEL R-30 


0-9 Left Counterclockwise 30 by 40 
10-1,248 Left Counterclockwise 30 by 40 
1,249-5,005 Right Clockwise 


GAR WOOD MODEL 515, 14-YD SCRAPER AND INTERNATIONAL MODEL 
SIX-WHEEL TRUCK TRACTOR 


0-9 Right Counterclockwise 65.7 304.4 
10-321 Right Counterclockwise 63.6 314.2 
2,622-5,009 Left Clockwise 56.6 353.1 


Pressure, pounds per square inch. Square inches. 


| 
(6) 
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construction consisting several layers different materials with high CBR 
material directly under the pavement (item Fig. 17); (2) layered base con- 
struction similar that item but with lower CBR material directly under 
the pavement (item Fig. 17); (3) high CBR material for the full thickness 
the base (item Fig. 17); and (4) soil cement base (item The 
construction these items was similar for the 20,000-lb and the 
wheel load tracks except that lesser thicknesses base were used for the smaller 
wheel load. Variations thickness the items were obtained sloping the 
surface the test tracks shown the profiles, Figs. 17(b) and 
Loaded earth-moving equipment (Table with tire contact areas approxi- 
mately comparable those planes with similar wheel loads (Fig. 18) was 


INCHES 
w 

I 

ca 
oOo 


INCHES 


50,000 WHEEL LOAD 20,000 WHEEL LOAD 


Fie. 18.—Typicat Privrs or Loapinc WHEELS ror Coveraces In TABLE 3 


used produce the specified wheel loads. The loaded equipment was pulled 
around each test track traction units, with one rear wheel the loaded 
equipment traveling successively three adjacent tracking paths which com- 
prised one coverage. Each path was wide the Traffic was 
halted various intervals for test measurements, observations, maintenance, 
and repairs the tracks. After completion the traffic tests, trenches were 
excavated each test track determine the lateral displacement (shear 
deformation) and the consolidation the base and the subgrade. Extensive 
field and laboratory tests were made the asphaltic concrete pavement, all 
base materials, and the subgrade determine behavior under traffic. 


Summary 


the analyses the test results was assumed that, shear deforma- 
tion could determined from the test data the section during 5,000 cover- 
ages given load, the section would satisfactory airfield pavement 
and would have adequate thickness pavement and base prevent detri- 
mental shear deformation the subgrade. Also, the base materials would 
have adequate stability prevent detrimental shear deformation the base. 
was assumed, furthermore, that, during construction actual airfield 
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pavement, the soils are compacted the same relative density those the 
test section after 5,000 coverages, excessive consolidation due traffic com- 
paction would not occur. Typical cross sections the lateral displacement, 
and curvature the 3-in. asphaltic concrete pavement resulting from repeti- 


4 


(Irem 2, 20-Kip Track; TaickNess OF PAVEMENT AND Bass, 22.5 In.) 


tions wheel loads, are shown Figs. and 20. this paper, analyses are 
presented only for the layered bases (items and Fig. 17) and the limestone 
blend base (item these items particularly pertain the development 
design criteria for flexible pavements. 


TOP OF Fa 


Fie. AND CurRvVATURE aT Sration 11+01, Fia. 17(a) 


Thickness Pavement and Base Required Prevent Detrimental Shear De- 
formation the Table the track and the 
track, respectively, are compared with regard the combined thickness 
pavement and base required prevent detrimental shear deformation the 
subgrade determined from the analysis test data and obtained the 
tentative design curves the California will noted that when 
shear deformation occurred the base materials the thicknesses pavement 
and base required prevent detrimental shear deformation the subgrade 
the service behavior test are substantial agreement with the thicknesses 
obtained from the tentative design curves (see items and 50,000-lb track, 
and item 20,000-lb track). Where shear deformation occurred the base 
materials, greater thickness was required prevent detrimental shear defor- 
item track, with the thickness required item track, 
and comparing the thicknesses required items and 20,000-lb track, 
with the thickness required item track. The thicknesses re- 


“Airfield Pavement Engineering Manual for War Department Construction, Office 
Engrs., Army, Washington, C., March, 1943, Pt. II, Chapter XX. 
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quired for items and for both the and tracks are 
those required for design when high-stability materials are used the base. 


this basis, the data for all items substantiate the validity the tentative 
design curves. 


Track 20,000-Ls 


Line Description 


Item 


DEFORMATION THE SUBGRADE 


Coverages 5,000 400 5,000 2,000 2,000 5,000 
Pavement and Base Thickness? 


(in Inches) by: 


Coverages completed 


7 | Adequacy of selection*....... Yes Yes Aen Yes Yes 
CBR selected loam 
Pavement and Base Thickness 
(in Inches) by: 
Tentative design curves... . 


12 Before tracking........... 42(42)3 
13 i. re 86(86) 64 42 12 62 to 68 


@ Item 1 (see Fig. 17; 1 layered base with a limestone blend (line 1, Table 2) directly beneath the pavement. 
Item (see Fig. 17); layered base with clay-gravel No. (line Table directly beneath the ement. 
Item (see Fig. 17); limestone blend (line Table for the entire the base. upper 
base materials were just adequate the 12-ft area between the points where the combined thickness 


pavement and base was 41 in. and 43 in. They were inadequate in the remainder of item 1. * UBM is 


thickness pavement and base required 
» Adequacy of the base above selec loam wit! 


shear deformation. ‘ Thickness of layer, in Leet 
in footnote 4, 


detrimental shear deformation the base. Total 
detrimental shear deformation the subgrade. 
t to the thickness required to prevent detrimental 
Values in parentheses refer to the 12-ft area discussed 


Effect Quality Base Materials the Total Required Thickness Pave- 
ment and again Table 4(a), will noted that the re- 
quired thickness pavement and base for layered base construction (item 
track) slightly greater than the thickness for the base with lime- 
stone blend for the full depth (item track). Although the thick- 
ness required the service behavior test was slightly greater item than 
item believed that the difference can considered less than when 
the effect shear deformation the base item the total thickness 
considered. Although the pavement surfaces were better condition after 
traffic the parts the test section where the base was composed limestone 
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blend for the full depth, from the point view prevention shear deforma- 
tion the subgrade the layered base performed essentially well did the 
full depth high-quality base course material. 

Requirements for Layered Base Design.—Table shows comparison 
the thickness pavement and base required layered base construction 
prevent shear deformation definite layer with the thickness obtained from 
the tentative design curves. The thickness required these tests based 
analysis the behavior the selected 

will noted Table and Fig. that the thicknesses pavement 
and base above the selected loam items and were the same from the thin 
end the items the thick end. The results the service behavior tests 
indicate that the thicknesses used were adequate; however, possible that 
lesser thicknesses might have been adequate prevent detrimental shear de- 
formation the selected loam. Although definite conclusion cannot made 
regarding the validity the design curves determine the qualities and the 
thicknesses each layer base, the data indicate that the tentative design 
curves are substantially valid. 


TABLE REQUIREMENTS PREVENT 
CONSOLIDATION 


Limestone Subgrade 


Line Description blend at: at: 


1-ft Sur- 
face 


1-ft 
depth 


depth 


Modified Maximum 


Unit Dry Weight (%): 
1 Before tracking........... 97 to 101} 89 | 88 | 86 | 93to 100] 92 | 87) 88 | 96) 94 | 89] 91 
2 After tracking............ to 93 | 91] 88 |101to 103] 95 | 89} 88 | 99 | 94 | 93} 90 


Track 


Maximum 
Unit Dry Weight (%): 


American Association State Highway Officials. Location below the surface the pavement. 


The Quality Base Materials Required Directly Under the 
data the adequacy the base materials directly below the 3-in. high-quality 
asphaltic concrete pavement from the standpoint shear deformation for both 
the 50,000-Ib and the tracks are summarized Table 4(c). least 
in. material with CBR 80% greater required directly below 
3-in. asphaltic concrete pavement for 50,000-lb wheel load. the 


Subgrade Subgrade 
depth 
(a) Track 
q 
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wheel load, the data are not sufficient determine the minimum thickness 
layer required for material directly below 3-in. asphaltic concrete pavement; 
however, the test results indicate that material with CBR 60% for the 
full depth base below the pavement adequate, and may more than 
adequate. pavement were than in., not good quality, 
possible that material with CBR greater than 60% would required for 
wheel load. 

Compaction Prevent Excessive compac- 
tion attained during construction and the additional compaction resulting from 
traffic are shown Table study the data indicates that compaction 
about 103% modified AASHO maximum unit dry weight was required the 
upper base materials for the 50,000-lb track, whereas 100% probably would 
have been adequate for the 20,000-lb track. The data also indicate that com- 
paction 95% would have been adequate for the subgrade and the selected 
loam for either the the wheel loads. The measurable 
effect compaction from traffic extended depths from in. in. from 
the surface the pavement the thick ends the items the track 
and from in. in. from the surface the pavement the thick ends 
the items the track. The depth traffic compaction was about 
in. the subgrade for the 20,000-lb track and about in. the subgrade for 
the 59,000-lb track the thickness pavement and base required prevent 
detrimental shear deformation the subgrade (29 in. in. for 50,000-lb 
track and in. in. for track). 


CoNCLUSIONS 


the basis the results obtained from the service behavior 
tests and the assumptions made regarding the significance the data with 
respect the requirements for the quality pavement desired, the following 
general conclusions are presented. These conclusions are applicable the 
design flexible type airfield pavements when the subgrade medium plastic 


general, the service behavior tests Barksdale Field have substan- 
tiated the CBR tentative design when applied flexible pavements 
constructed medium plastic clay subgrades. 

The stresses induced 50,000-lb wheel load require that in. 
material, with CBR 80% more, placed directly below 3-in. high- 
quality asphaltic concrete pavement. The minimum thickness layer re- 
quired for material directly below the pavement was not determined for 
20,000-lb wheel load; however, the data indicate that for this wheel load 
material with CBR 60% for the full depth base below 3-in. asphaltic 
concrete pavement was adequate and may more than adequate. the 
pavement were thinner, not good quality, possible that the CBR the 
underlying base material should greater than 60%. 

The compaction requirements indicated necessary prevent excessive 
consolidation the base materials and the subgrade under the traffic 50,000- 
and 20,000-lb wheel loads.are follows: 
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(a) Base Materials.—For the 50,000-lb wheel load, the upper base materials 
(limestone blend, clay-gravel No. clay-gravel No. and sand for layered base 
construction the in. directly below the pavement for limestone blend for 
full thickness base) should compacted minimum 103% the modi- 
AASHO maximum unit dry weight. For the 20,000-lb wheel load, the 
upper base materials (limestone blend, clay-gravel No. clay-gravel No. and 
sand for layered base construction the in. directly below the pavement for 
the limestone blend for full thickness base) should compacted mini- 
mum 100% the modified AASHO maximum unit dry weight. The lower 
base materials (below 12-in. depth) should compacted minimum 95% 
the modified AASHO maximum unit dry weight. 

(b) both the 20,000-lb and the 50,000-lb wheel loads, the 
plastic clay subgrade (if the stability can increased compaction) should 
compacted minimum 95% the modified AASHO maximum unit dry 
weight. The depth compaction should in. for 50,000-lb wheel load 
and in. for wheel load. 


. 
—— 
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WHEEL LOAD TESTS, MARIETTA, GA. 


When fully loaded, the B-29 Superfortress has gross weight approxi- 
mately 120,000 lb, which carried dual wheel landing gear. When this 
plane was first introduced, the CBR method design did not contain flexible 
pavement design criteria for dual wheel loads. Therefore, the Chief Engi- 
neers, United States Army, was requested Headquarters, Army Air Forces, 
study the problem and formulate design criteria. 

The Office the Chief Engineers, through the Engineer Board, directed 
the Waterways Experiment Station design, construct, and conduct tests 
Marietta test section composed flexible pavements various types 
bases. The primary purpose the test section was furnish data whereby 
design curves, similar the tentative CBR design curves' could developed 
fora dual wheel load The application the data the develop- 
ment design curves for the B-29 dual wheels given Symposium paper 
No. 10. The test section was also designed furnish other subordinate in- 
formation; but only limited amount data other than those required ac- 
complish the primary purpose discussed this paper because necessary 
space limitations. The complete results all tests conducted Marietta are 
presented report the Waterways Experiment 


The test program Marietta was conducted determine the relationship 
between subgrade deflections and pressures under dual and single wheel loads 
that thickness design curves similar those used the CBR method for 
single wheels could prepared. these tests, B-29 and B-24 planes were 
used impose the desired dual and single wheel loads. Fig. shows the 


B-29 plane used the tests. Accelerated traffic testing was not contemplated 

*Engr., Chf. of Bituminous Section, Flexible Pavement Branch, Soils Div., Waterways Experiment 
Station, Corps of Engrs., Vicksburg, Miss. 


Requirements for Flexible Pavement Design for B-29 Waterways Experiment 
Station, Vicksburg, Miss., Appendix on ‘‘Flexible Pavement Tests, Marietta, Ga.,”’ 1 August 1945. 
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the event that these data proved adequate. The test section was designed, 
however, that accelerated traffic tests could conducted should they 
considered desirable. 


DESCRIPTION TEST SECTION 


The test section was constructed shown Figs. and with ordinary 
construction equipment using standard construction procedures; however, close 
field control and inspection were maintained throughout construction insure 
uniform conditions and close adherence the desired design requirements. 
The in-place soil was highly elastic micaceous silty clay that was considered 
unsuitable for the purpose the test; therefore, imported cohesive clay was 
placed subgrade beneath all the test section except the sand-asphalt item. 
The average CBR the imported clay subgrade constructed was about 4%. 
clean well-drained sand was placed the subgrade for the sand-asphalt item. 
The macadam bases were constructed hard, durable, crushed rock, 
4-in. layers, choked with limestone screenings, which produced base with 
CBR 80% more. The telford base was constructed limestone rock 
averaging about in. height and not less than in. width. The stones 
were bedded into sand cushion course over the clay subgrade. Voids between 
the stones were filled with crushed limestone spalls and screenings. The sand- 
clay base was constructed fairly well-graded sand-clay material having 
plasticity index about 5%. The average CBR the sand-clay base con- 
structed was about 35%. 

The telford and macadam items were surfaced with 2-in. thickness hot- 
mix asphaltic concrete good quality. The sand-clay item was surfaced with 
thickness the same asphaltic concrete and this steel pierced plank 
landing mat waslaid. The sand-asphalt item was surfaced with in. hot-mix 
sand asphalt laid directly the sand subgrade. 

Deflection gages were located the test section shown Fig. 22. 
obtain the desired information, was necessary install two gages each 
one gage furnished measurement the total vertical movement 
deflection the surface the pavement, and the other deflection gage mea- 
sured the compression the base and wearing course. subtracting the 
latter from the former deflection, the amount deflection the surface the 
subgrade was determined. Only single deflection gage measure tota! sur- 
face deflection was installed the telford item since was considered that the 
single layer telford stone would incompressible. Pressure cells were in- 
stalled four elevations, both the clay subgrade under the medium thickness 
the macadam base item and the sand subgrade the sand-asphalt item. 

Immediately completion construction and prior any plane test runs, 
coverages 20,000-lb wheel load were applied all items except the 
telford. The objective these initial coverages was consolidate the test 
items reduce the amount consolidation appearing the measured deflec- 
tions. attempt was made consolidate the telford item with 
wheel load, but traffic was discontinued after the first coverage because 
visibly large deflections. 
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reference Fig. 22(a) may noted that there are three longitudinal 
lines deflection gages, designated lines Transverse lines gages 
are identified letters. The three longitudinal lines gages were installed 
furnish one separate line gages each for the single and dual wheel loads 
(lines and respectively) and common line gages for both loads (line 2). 


Compacted macadam base 22, 27, or 37 in. 
Compacted clay subgrade 3.3 ea Compacted clay subgrade 4 ft > 


Surface seal penetration 
Telford stone base Natural ground surface 


Grader blade drainage ditch 
approximately 4 ft wide at 
top slope to drain 

Secton B-B; Telford Item; Stations 
Secton C-C; Macadam Item; Stations 0+80t00+70 


Bin. of sand 


Pierced plank wearing surface 
lin. asphaltic concrete sea! 


Crushed stone 


Slope drain toward 
sand subgrade secton 


Compacted clay subgrade 1x4 ft crushed rock drain 


Compacted sand-clay base 26 in: Compacted clay subgrade 4.3 ft 


Secton D-D; Sand-Ciay Item; Stations 0+70 to2+30 ' Secton E-E; Sand-Asphalt Item; Stations 2+30 to2+90 


completion the single wheel load tests, however, dual wheel tests were 
conducted over line addition those lines and for purposes 
further correlation. 


and pressure measurements were made under three loads for 
both the single wheel and the dual wheel. These loads were 20,000 lb, 25,000 
lb, and 30,000 for the single wheel and 40,000 50,000 and 60,000 for 
the dual wheel. may noted that the dual wheel loads were twice those 
the single wheel; thus, the load each tire dual assembly was the same 
the single wheel loads. and pressures induced both the single 
and dual wheels were measured. Initially, measurements were made for the 
following conditions: (a) Plane standing with motors dead, (b) plane standing 
with motors running about 1,000 rpm, (c) plane towed with motors dead, and 
(d) plane taxiing. After part the program was completed, was deter- 
mined that the deflections and pressures under some the conditions were 
practically equal; therefore, certain conditions were deleted the latter phases 
the tests. Deflection data obtained for the single wheel loads B-24 
plane for the foregoing conditions and similar data for the dual wheel loads 
B-29 plane, with one tire the duals over the gage and with the center the 
dual wheels over the gage, are shown Pressure data for these condi- 
tions are presented Table for the single (B-24) and dual (B-29) wheel load 
conditions. deflection pressure measurement shown Table and 
the average three more individual tests. 


INSTRUMENTATION 


Deflection gages and pressure cells used these tests were designed and 
constructed personnel the Waterways Experiment Station. General 


2in. as 
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operational features the deflection gage and the method their installation 
the pavement are illustrated Fig. 24, deflection gage sleeve being mounted 
the pavement and base shown. Where total surface deflection measure- 
ments were desired, pipe reference was driven deeply into the subgrade 
and capped 2-in.-diameter steel gage foot. The pipe reference for base 
compression measurements was grouted into the base the manner shown. 
The deflection gages were bolted into the gage sleeves which turn were 
firmly fixed the pavement slotted flanges. Pavement deflections caused 
downward movements the gages with respect the gage foot, thus com- 
pressing the deflection gage. The mechanics the deflection gage are illu- 
strated plan and cross section Fig. where may noted that compres- 


12 in: 
ipe coupling shielded cable Adjusting screw 


BY 2 in. asphaltic concrete 


3-in. diameter 
gage sieeve 


Cantilever beam 


~ 


Scale, in Inches 


SR-4 type 
strain gage 


Spring 
retaining 
collar 
Concrete block 
grouting reference 
pipe into pavement 
Subgrade BASE DEFLECTION GAGE (a) SECTION A-A 7 
4 
TOTAL DEFLECTION GAGE PLAN 


sion the gage causes movement tapered pin within the external shell 
the gage. The pin shown taper length) interchangeable with 0.3- 
in. taper length, the latter providing greater accuracy where deflections less 
than 0.3 in. were anticipated. Movement the tapered pin causes bending 
cantilever beam which has two resistance strain gages mounted shown. 
Bending the cantilever thus causes change the resistance the strain 
gages, cumulative for the two gages, which measured Wheatstone bridge 
circuit. Prior field use each gage was calibrated the laboratory device 
which the tapered pin was moved measured increments and the change 
resistance the strain gages was determined. 
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TABLE 7.—Summary Data THE FLEXIBLE 
(Average Recorded Pressures, 


Depth of Pressure Cell Below 
Surface— 
Before testing............... 10.3 in. 24.5 in. 37.9 51.2 in. 
10.7 in. 23.8 in. 37.7 in. 51.0 in. 


Single 
a motors dead......... 42.4 18.4 8.6 5.6 
30.4 14.5 6.2 44 
i: ‘0 42.7 | 0.9 3.2 | 20.7 9.1 2. i 2.3 
Plane Partly Loaded; 25-Kip Load 
on Each Single Wheel: 
Standing— 
y Motors dead.............. 47.9 | 2.4 | 2.4 | 23.3 2) 0 2. “4 10.8 6.7 | 3.0 
Plane Loaded; 30-Kip Load 
Each Single Wheel: 
Towed, motors dead......... 26.9 12.0 


On 


Standing— 
12 Motors running 1,000 rpm. 11.5 7.9 Ij... 
13 Motors running 2,500 rpm. 9.6 48]... 


Plane Empty; 40-Kip Load per 
Dual Wheel: 
Towed, with Motors Dead— 


One tire over cell.......... 27.4 16.4 6.7 5.7 

Center dual wheel over cell 8.8 8.5 7.4 6.5 

Taxiing, with one tire over 29.3 17.6 7.5 5.4 
Standing, Motors Dead— 

Plane Loaded; 60-Kip Load per 
Dual Wheel: 

Towed, with Motors 

Center dual wheel over ... 16.0 15.5 9.3 

Standing, One Tire Over 

23 Motors running 1,000 rpm..| ... | 56.8 26.8 14.6]... ]... |102 
Standing; Motors Dead— 

24 One tire over cell.......... 1.5 |58.2| 1.8 | 2.4 | 29.9] 4.4 | 3.9 |14.3] 4.6 | 5.2 | 10.5) 3.9 


Pressure cells are identified letter prefixes and (see Fig. 22); the letters and refer the distance 
actually north ofeach V-cell. not affect moving tests the maximum pressure shown the 
a and consequently did not show maximum pressure. * The numerals in parentheses under ‘Medium 
Newmark, ASCE, for the wheel directly over each cell and north each cell and 
Voile need no correction because these distances were corrected to show the true relationship to the cells. 


Loans 


ae 
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16 
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Pounds per Square Inch) 


34.4 47.6 in. 61.2 in. 74.2 in. 
33.0 in. 46.3 in. 59.1 in. 72.0 in. 


(B-24 


12.3 8.2 4.5 3.2 
10.7(13.5) 6.9 2.2 7.0(8.0) 5.8 4.0(4.4 3.3 1.6 3.1(3.2) 2.5 


(B-29 


9.0 4.9 

1.3 6.8 
2.9 9.4(10.6) 6.3 6.4(7.0) 5.3 2.7 5.2(5.4) 4.2 
3.1 8.8(10.0) 6.9 2.9 4.9(5.5) 5.0 2.2 4.9(5.1) 4.8 


south the cell indicated. Surface points supposedly directly above V-cells were, erroneous location, 

was recorded; but on standing tests plane was stopped over the surface points 1 ft away from each 
Macadam Item”’ are the corrected values obtained by computing pressures by the graphical solution introduced 
adding the difference to the observed readings. Readings shown for distances 42 in. north and 18 in. south of 
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General features the pressure cells used these tests are shown Fig. 26. 
The cell contains machined steel diaphragm which attached resistance 
type strain gage. Pressure transmitted from the face plate the diaphragm 
oil-filled chamber. Pressure applied the diaphragm causes strain 
resulting resistance change the strain gage. The effect variation 
strain-gage temperature compensated for use dummy strain gage 
which the same that mounted the diaphragm. The dummy gage 
mounted the chamber and not affected diaphragm strains but only 
temperature changes. placed the electrical circuit such manner 
nullify the effects temperature changes the active strain gage. Pressure 
cells are calibrated the laboratory prior field use being placed 
calibrating device which known increments pressure may applied uni- 
formly over the face the cell through air-filled rubber diaphragm. this 
manner, changes applied pressure may related changes resistance 
the strain gage. 

Field measurements deflections and pressures were made recording 
oscillographs and associated electrical circuits which furnished permanent re- 
cords the resistance changes with application loads. typical oscillo- 
graph record (oscillogram) shown Fig. for four the pressure cells; 
deflection-gage records are similar. Known resistance changes indicated 
decade resistors the circuit furnish method converting scaled changes 
the position the trace the oscillogram changes deflection pressure. 
60-cycle timing wave recorded the bottom the record, and changes 
the amplitude this wave indicated the passage the wheel load over 
timing box the test section, the location which was known. Thus, the 
speed the moving wheel load could determined. 


Discussion AND RESULTS 


Since accelerated traffic testing was not conducted, the pavement items 
were subjected relatively light traffic when compared that imposed 
other test sections where accelerated traffic was applied. Test traffic was ap- 
plied expedient manner for obtaining the desired deflection and pressure 
data, and the traffic pattern was not uniform accelerated traffic tests. 
The amount applied traffic (in addition the consolidation traffic discussed 
preceding paragraph) therefore can only estimated, and approxi- 
mately follows: (a) Line received coverages with the dual wheel over 
traffic lane width, this being the width required meet the test condi- 
tions for one wheel over the gage and for the center dual wheels over the 
gage; (b) line received 150 coverages, about 40% which was first applied 
the dual wheel over lane width and the remainder was concentrated 
single track directly over the gage line for the single (B-24) wheel load 
traffic; and (c) line received 120 coverages, about 70% which was first 
applied single track the single wheel load traffic, and the remainder was 
applied over about 6-ft lane with the dual wheel traffic previously described. 

The three macadam items all successfully withstood the limited amount 
traffic imposed during these tests. reference Table may noted 
that, although there are variations deflections measured the three 
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gage lines given item, there are apparent overall-trends logical deflection 
variation with load and with base thickness. may also noted that 
general the condition standing with motors dead about severe any 
condition encountered. the thin macadam item are considered 
have been sufficiently high that the item probably would not have stood 
indefinite number traffic coverages. Pressure data shown Table and 
obtained the subgrade under the medium macadam base compare favorably 
with check computations made accordance with the theory elasticity, and 
these data are believed valid. The CBR the surface the clay sub- 
grade beneath the macadam items averaged about constructed, and 
the completion all testing the CBR this clay subgrade still averaged about 
the surface. The moisture content the surface the clay subgrade 
averaged about 30% before and after plane testing. The dry density this 
subgrade increased from average per before plane testing 
per after plane testing. The average density the macadam bases 
was about 140 per after all testing, and the CBR these bases averaged 
about 80% throughout the test period. may noted that the tentative 
CBR design curves, presented elsewhere this Symposium, require total 
thickness base and pavement about in. for single wheel load 30,000 
lb. believed probable, therefore, that the thin macadam item would 
not have been satisfactory accelerated traffic test. Under the limited 
amount traffic applied these tests, however, only minor rutting occurred 
this item and the ruts were limited primarily the junction the thin maca- 
dam item with the telford item. 

The telford item was unsatisfactory for wheel loads the magnitude 
those used these tests, and was previously noted that visibly large deflec- 
tions occurred under only wheel load. B-29 tests were first applied 
line this item, and surface deflections about in. were measured 
the first few trials after which the deflections increased and exceeded the 1-in. 
measuring capacity the deflection gage. Deterioration the telford item 
was rapid, and deep ruts and apparent lack stability caused early abandon- 
ment the scheduled testing. After few test runs, oak planking was laid 
over the wheel lanes provide access the other items. The telford pave- 
ment reacted similarly under the single wheel loads the B-24. One feature 
that should noted that free water became entrapped the base prior 
laying the wearing course, some which remained the sand cushion course 
throughout testing. Prior plane testing, tests the clay subgrade this 
item indicated average CBR 5%, dry density per ft, and 
moisture content 30%. completion plane testing, the CBR the 
subgrade had decreased from 3%, and the dry density had increased 
per ft, whereas the moisture content remained about the same. 
The early failure this item was probably due (a) the absence load- 
spreading characteristics this base which was composed single layer 
stone previously described, and (b) inadequate base and pavement 
thickness for subgrade having such low bearing value. general, 
believed that this type base allows load transfer columnar manner 
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directly the subgrade with little chance for load distribution. The presence 
free water the sand cushion may have had some influence. 

The sand-clay item also did not satisfactorily withstand the traffic imposed 
these tests. Ruts began developing the traffic lanes during the early 
stages testing and became progressively worse but slower rate than 
the telford item. Ruts developed which allowed the ponding water and 
subsequent infiltration into the base around the deflection gage sleeves and 
through cracks the asphaltic pavement. general, rutting this 
item amounted from about in. in. all traffic lanes completion 
all plane testing. Slight humps appeared generally along the edges the 
traffic lanes. reference Table may noted that surface deflections 
obtained this item were greater than those obtained the thin macadam 
item, but subgrade deflections were less than those found under the thin mac- 
adam base. Observations made trenches excavated after traffic was com- 
pleted indicated that progressive shear deformation the base occurred during 
traffic. The sand-clay base had CBR 35%, dry density 122 per 
ft, and moisture content 10% prior plane testing. After plane testing, 
this base had CBR 12%, dry density 127 per ft, and moisture 
content 11%. During the testing period the moisture content increased 
only slightly, the density increased appreciably, and the CBR dropped con- 
siderably. The CBR curves developed the laboratory for this material 
show that optimum moisture decreases with increase compactive effort. 
The final moisture content 11% was well the wet side the optimum 
moisture for the increased compactive effort. Tests show that for such condi- 
tion lowering the CBR can expected. This condition probably 
associated with pore pressure development. Thus, even though the moisture 
content was optimum for the constructed density, the remolding action this 
material under traffic with increasing density placed the material above 
optimum moisture for the increased compactive effort with resultant loss 
CBR value. The clay subgrade this item had CBR 5%, dry density 
per ft, and moisture content 31% prior plane testing. After 
plane testing, the subgrade CBR was 3%; the dry density, per ft; and 
the moisture content, 30%. 

The sand-asphalt item satisfactorily withstood all imposed traffic. Deflec- 
tion data were not obtained for this item, but pressure data were obtained 
the sand base. These pressure data agree favorably with computed pressures 
and appear valid and useful. rutting any other detrimental factors, 
such cracking signs pavement movement, occurred any part this 
item. The sand subgrade appeared adequate for the applied wheel loads 
although the CBR was lower than that required the CBR design for 6-in. 
thickness. Since very limited number coverages was applied time 
when the pavement was cold and therefore very strong, conclusion believed 
warranted the adequacy this pavement. Prior and after plane 
testing, the sand subgrade had CBR 24%, moisture content 10%, and 
dry density 110 per ft. Consolidation the sand subgrade was 
noted only very minor extent the surface. 
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believed that the deflection and the presssure data presented Tables 
and furnish adequate basis for the fulfilment the basic purpose 
these tests which was 


furnish data whereby design curves, similar the California 
method tentative design curves Chapter [later Chapter Part 
the Engineering Manual War Department could 
developed for dual wheel load 60,000 


Thus, was not considered necessary conduct accelerated traffic tests 
this test section. 


The following conclusions are considered applicable the data discussed 
this paper: 


The deflection and the pressure data obtained from the three macadam 
base items and the pressure data obtained from the sand-asphalt item are 
believed reliable and are considered valid for use detailed analyses. 

18-in. depth telford base and pavement constructed for these 
tests, and having subgrade with CBR less, unsatisfactory for 
even few operations B-24 B-29 planes. 

The sand-clay base constructed for these tests unsatisfactory for 
B-24 B-29 plane operations. The base was compacted optimum condi- 
tions practically obtainable ordinary construction methods. The plane 
traffic caused additional compaction, and the moisture content the material 
increased during plane testing. Laboratory tests show that under these condi- 
tions the bearing value this material decreases. 


| 
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OTHER ACCELERATED TRAFFIC TESTS 


addition the three major test sections described previous papers 
this Symposium, several accelerated traffic tests were conducted existing 
flexible airfield pavements specially constructed test sections furnish 
data related the CBR method design. The tests were conducted the 
locations: 


Corpus Christi Municipal Airport, Corpus Christi, Tex. 
Dothan Municipal Airport, Dothan, Ala. 

Fargo Municipal Airport, Fargo, Dak. 

Grenier Field, Manchester, 

Natchitoches Municipal Airport, Natchitoches, La. 
Eglin Field, Valparaiso, Fla. 

Langley Field, Virginia 

Waterways Experiment Station, Vicksburg, Miss. 


SECTIONS AND TEST PROCEDURES 


Table shows the design the various sections, the traffic imposed, 
the behavior, and the test data before and after for the various 
sections. Four the test sections (Corpus Christi, Dothan, Natchitoches, 
and Waterways Experiment Station) had regular cross sections with uniform 
thicknesses, shown Table The remaining four test sections were 
special design with nonuniform thicknesses. clarify the design these 
sections, the data Table are supplemented the longitudinal profiles 
shown Fig. 28. brief description the four sections with nonuniform 
thicknesses given the following paragraphs. description the Water- 
ways Experiment Station test section also given, since involved special 
design considerations. 

Fargo.—The tests Fargo Municipal Airport were conducted runway 
before the asphalt wearing course had been placed. The surfacing the time 
the tests consisted in. soil cement and was underlain imported 
sandy soil which had thickness the edge in. and thickness the 
center line The subgrade was highly plastic clay. 

test Grenier Field was conducted specially con- 
structed test section 150 long and wide which was divided longitudinally 
into five areas having different thicknesses base course. The wearing surface 
consisted treatment tar prime, application sand, application 
tar, and cover aggregate either gravel” sand. 

Eglin.—The tests Eglin Field were conducted specially constructed 
test section with three traffic lanes follows: Lane 37,000-lb wheel load; 
lane 50,000-lb wheel load; and lane 15,000-lb wheel load. The thicknesses 
wearing course and base course varied shown Fig. 28. 


® Associate Engr., Embankment and Foundation Branch, Soils Div., Waterways Experiment Station, 
Corps Engrs., Vicksburg, Miss. 


tests Langley Field were conducted specially con- 
structed test section. The first test was performed with 20,000-lb wheel 
load, and when this did not produce the desired subgrade shear failures second 
test was made using 50,000-lb wheel load. The thickness base course 
varied shown Fig. 28. 
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Waterways Experiment tests the Waterways Experiment 
Station were conducted specially constructed test section with wheel loads 
15,000 and 37,000 single tires and 60,000 set dual tires. 
This test section was primarily constructed for study asphalt wearing course 
mixes, but several types base course material were used order cover 
range types. The thicknesses base and wearing course were designed 
the CBR method; however 20% additional thickness base was provided 
the main test tracks (items 1-162) insure adequate subgrade protection 
since this test section was built primarily study asphaltic wearing courses. 

The accelerated traffic tests were conducted using loaded earth-moving 
equipment traveling along designated lanes the pavements. The tests were 


. 
Base Base B Base Base A. 
=". Base Base B- : 
pase B Base C C Base 6 “Base Ac 
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TABLE 


Pavement 
No. 
Name field 
Thickness, Classi- Thickness, Classi- 
(2) (3) (4) (6) (8) (9) (10) 
3 | Dothan, Ala........... ac 2 SF 35 18 CL 29 | 12 
4 | Fargo, N. Dak......... sc 6 SF 12 to 240 28 13 CH 77 | 52 
5 | Fargo, N. Dak......... sc 6 SF 12 to 24 28 13 CH 77 | 52 
6 | Fargo, N. Dak......... sc 6 SF 12 to 24 28 13 CH 77 | 6&2 
9 | Eglin, Fla............. ac 1.5 to 3* SF 1-10.5¢ 22 3 SP cose Re 
10 | Eglin, Fla............. ac 1.5 to 3¢ SF 1-10.5¢ 20 3 SP once 
11 | Eglin, Fla............. ac 1.5 to 3¢ SF 1-10.5* 22 3 SP <sc—nnne 
ac 1.5 to SF 3-12.5% 22 3 SP .| NP 
13 | Eglin, Fla............. ac 1.5 to 3¢ SF 3-12.54 20 3 8P .| NP 
ac 1.5 to SF 3-12.5¢ 22 3 SP .| NP 
15 ac 1.5 to SF 3-12.5¢ 22 3 SP .| NP 
ac 1.5 to 3¢ SF 3-12.5¢ 20 3 SP .| NP 
17 | Eglin, Fla...........+- ac 1.5 to 3* SF 3-12.5 22 3 SP .| NP 
8a 6 None SP .| NP 
Vicksburg, 

24 Item 14 ac 3 GW 10 NP CL 39 | 4 
25 Item 14 ac 3 GW 13 NP CL 39 4 
26 Item 95 ac 3 SF 6 22 7 CL 39 4 
27 Item 95 ac 3 SF 10 22 7 CL 39 4 
28 Item 95 ac 3 SF 13 22 7 CL 39 | 14 
Item 122 ac 3 SP 10 NP CL 39 | 4 
31 Item 122 ac 3 sP 13 NP CL 39 14 
32 Item 127 ac 1.5 SP 75 NP CL 39 4 
33 Item 127 ac 1.5 SP 14.5 NP CL 39 M4 
34 Item 160 ac 6 SP 10 NP CL 39 | 4 
36 Item 302 sa 2 GW 9 ao CL 39 4 
37 Item 300 8a 2 GF 9 29 9 CL 39 4 
38 Item 300 8a 2 GF a 27 10 CL 39 | 4 
39 ac 1.5 GW 11.5 CL 39 | 14 
40 ac 1.5 GW 11.5 CL 39 | 4 


Abbreviations Col. are defined follows: asphaltic concrete; soil cement; surface treatment; 
means According Arthur Casagrande, ASCE, Transactions, ASCE, Vol. 113, 1948, 
expressed percentages the modified AASHO (American Association State Highway Officials) density. 
subgrade consolidation. double wedge-shaped base course; see Fig. 28. depth in. through 
Also subgrade shear. 


continued until failure occurred specific number coverages was com- 
pleted. Visual observations were made pavement behavior during the tests 
and measurements deformation the pavement surface both during and 
after the traffic tests were taken. and laboratory tests were performed 
the materials the base and the subgrade after traffic had been stopped. 
most cases these tests were made both outside and inside the traffic lanes 
represent conditions before and after traffic. Soil classifications are based 
the system devised Professor Casagrande’ and density relations are com- 
pared the AASHO modified the Corps Engineers. 
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Data FROM Test SECTIONS 


Trarric Data 


Wheel Cov- |Before After Traffic |Before After Traffi 
Performance load, ore Traffic Traffic 
Den- Den- Den- 
CBR 
(12) (13) (16) 
Base shear 15,000 285; 99 23 oe 
Base and subgrade 30,000 
Base 15,000 | 3,710) 104 109 
Subgrade sh 15,000 582 86 
15,000 
15,000 | 3,500 91 
50,000 | 3,500; .... 
50,000 
50,000 | 3,500} 96 100 
Subgrade eee eee 
50,000 
Satisfactory 37,000 | 1,500}... 81 103 31 
30,000 | 1,500} ... 81 bene 35 
37,000 | 1,500; .. 33 100 37 
30,000 666] .. 35 102 41 
Subgrade shear 37,000 1007 .... 54 14 
Satisfactory 30,000 100 * 54 27 


‘All density and CBR values are the results tests, and are The density values are 
‘Adequate protection afforded the the thickness the and the wearing course. Also 
pavement and base. Two different thi double wedge-shaped base course, see Fig. 


AND 


the tests Corpus Christi, deformation the pavement surface about 
the traffic lane and bulge about 0.5 in. either side indicated that 
the base course underwent small amount shear deformation and possibly 
little consolidation. was considerable shear deformation consolida- 
tion the base only one localized area which the deformations were about 
and this was attributed excessive moisture the base and probably 
insufficient compaction. 
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39 No 4 
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Yes 
Yes 
Yes 
Yes 
ip Yes | 14 
Yes 
iP Yes | 16 
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Yes 
Yes 
Yes 
14 Yes | 24 
Yes 
Yes 
14 Yes | 27 
14 Yes | 28 
4 Yes | 29 
14 Yes | 30 
Yes 
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Yes 
Yes 
Yes 
14 No 38 
rent; 
ough 
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the test Dothan, large deformations occurred the 20,000-lb lane 
and considerably larger deformations the 50,000-lb lane. Relatively small 
upheavals the sides the traffic lanes indicated distress which later observa- 
tions showed the result some shear deformation the base. The 
large deformations the traffic lanes were found the consolida- 
tion the base and the subgrade. 

Fargo, considerable deformations the traffic lanes upheavals 
the sides the lanes occurred throughout the and the lanes 
and point the 12,500-lb lane where total thickness the soil cement 
and the underlying sandy soil was in. From observations, was concluded 
that shear deformations had taken place both the sandy base material and 
the subgrade throughout the and the lanes. shear 
deformation occurred either the sandy base the subgrade the 
lane where the total thickness above the subgrade was more than in. 

in-place CBR values were determined the base material Grenier 
Field either before after traffic, but the average laboratory remolded and 
soaked value for this material was 75%. Traffic produced signs shear 
deformation either the base the subgrade, but there was evidence con- 
solidation the base. The surface treatment was inadequate withstand 
the abrasive action traffic. 

the test Natchitoches, large deformations occurred the tracking lanes 
with adjacent upheavals. The upheavals indicated that subgrade and possibly 
base shear deformation occurred. However, the upheavals were not large 
enough compensate for the large deformations inside the tracking lanes, and 
was concluded that subgrade consolidation also occurred. 

shear deformation occurred the base subgrade any traffic lane 
the Eglin Field test section. thickness base and pavement in. which 
was the minimum the test section was adequate prevent shear deformation 
the subgrade under the wheel load. thickness base and 
pavement in. was sufficient prevent shear deformation the subgrade 
for the and the wheel loads. The 6-in. thickness was the 
minimum these lanes. Some consolidation occurred all base and subgrade 
materials under each type wearing course each trafficlane. The maximum 
deformations were 5.3 in., 5.5 in., and 2.2 in. for lanes and respectively. 
All wearing courses were adequate all traffic lanes. 

the tests Langley Field, considerable settlement had occurred the 
lane the end the test, which had minimum total thickness 
base and pavement in. This settlement was all due consolidation, 
except the turnarounds where subgrade shear occurred. The subgrade shear 
occurred under the 20,000-lb wheel load where the total thickness was only 
Very large deformations had occurred the lane the end 
the test. These were partly caused consolidation, but subgrade shear de- 
formation also occurred where the total thickness base and pavement was 
in. less. Excessive springing occurred the tests, which indicates that 
excess hydrostatic pressure had developed the pore water. The subgrade 
CBR the start the test was 15% and was 30% after the tests were com- 
pleted. Analysis difficult, since the CBR the time the springing occurred 


ls 
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not known. considered that thicknesses in. and in. are con- 
siderably more than adequate prevent shear deformation subgrade with 
CBR under and 50,000-lb wheel loads, respectively, provided 
hydrostatic excess pressure occurs the pore water. 

the tests the Waterways Experiment Station, the performance 
pavements items 14, 95, and 122 shown adequate for subgrade protection 
Table although some consolidation took place both base and subgrade 
evidenced slight deformation the surface and increases in-place 
CBR values. Rather large deformations occurred items 127 and 160. 
the basis observations, was concluded that they were base and 
subgrade consolidation, since the deformations were not accompanied up- 
heavals the sides the tracking lanes, and since in-place CBR values 
both base and subgrade increased. items and 302, subgrade shear oc- 
curred, which was evidenced upheavals. item 300, subgrade and base 
shear occurred, which was also evidenced upheavals outside the trafficked 
area. 


CONCLUSIONS 


Since the data presented this paper are used with other data 
summary analysis the CBR method design later paper, few general 
but specific conclusions will made here. The following conclusions are 
based the data shown Table 


Shear failure did not occur nonplastic slightly plastic base 
grade material; 

Shear failures either base subgrade developed rapid rate once 
the condition for failure existed; 

general, nonplastic base courses were consolidated more than 100% 
modified AASHO density traffic, and bases having some plasticity were con- 
solidated more than 95% modified AASHO density; and 

All nonplastic subgrades were consolidated more than 95% modified 
AASHO density traffic and, general, plastic subgrades were consolidated 
more than 90%. 
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DESIGN CURVES FOR SINGLE WHEEL LOADS 


explained previous paper, the CBR design curves for heavy wheel 
loads were extrapolated from highway data the initial stages the airfield 
construction program. Subsequently, the curves were correlated with the 
service behavior pavements under both accelerated traffic and actual air- 
plane traffic. The purpose this paper present the data that have been 
accumulated this subject and show the correlations that have been made. 
comparison between the data and the present CBR thickness design curves 
presented. 

The general method correlating the curves with service behavior has been 
select satisfactory pavements and pavements that failed and compare 
the CBR the subgrade, layer being studied, and the total thickness 
overlying base and pavement with the CBR thickness design curves. All 
comparisons are based CBR values which are considered 
represent the condition the soil the time traffic applied. 

Pavements included the category are limited those which 
shear deformation occurred subgrade lower base course overlain 
high-quality base which shear deformation occurred. instance 
information used where there was evidence shear deformation the base. 
For instance, data from items and the Barksdale test (see Table 4(c)) are 
not used because shear deformation occurred the base well the under- 
lying subgrade. The data from item Barksdale, where shear deformation 
occurred the subgrade but not the base, are used (see Table 9(a), line 49, 
and Table line 25). 

Certain criteria have been used selecting pavements from the standpoint 
intensity traffic. study the available records where failure occurred 
showed that where the failure caused shear deformation usually occurs 
after relatively few repetitions. approximately fifty cases for which re- 
liable data are available, 96% the failures occurred before 2,000 coverages had 
been applied. This amount traffic relatively small the total that can 
occur airfield considered. Traffic counts have shown that approxi- 
mately 75% the traffic 150-ft runway occurs the central ft. As- 
suming traffic the central uniformly distributed, 30,000-lb wheel 
load with two tire prints 1.33 wide will produce coverage approximately 
nine landings and take-offs the central which would require cycles 
operation the field. One landing and one take-off constitute cycle. 
reasonable value for the maximum number cycles operation per day for 
planes this weight during the pilot training period was 270, which would pro- 
duce slightly more than coverages per day the central the runway. 
this basis, 2,000 coverages represent about one hundred days operation. 


Engr., Asst. Chf., Flexible Pavement Branch, Waterways Experiment Station, Corps Engrs., 
Vicksburg, Miss. 
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The failures under consideration are those resulting from shear deformation 
caused overstress. Failures due consolidation and surface deteriora- 
tion occur over much longer period. There are also cases failure from 
saturation the subgrade base that occur after several years operation. 
However, when conditions become critical that the subgrade overstressed, 
failure occurs after relatively few additional repetitions. 

the basis the foregoing considerations, airfield pavements that have 
been subjected more than 30,000 cycles operation (approximately 2,000 
coverages) without showing distress are considered satisfactory. Accelerated 
traffic test pavements that have successfully withstood 2,000 coverages are also 
considered adequate. minimum traffic criteria have been applied pave- 
ments that failed. 

Table shows the pertinent data that have been accumulated from the 
various studies. All pavements for which reliable traffic and CBR data are 
available are shown. Table includes the data obtained from the accelerated 
traffic tests described previous papers this Symposium together with the 
information available from actual airfields. gives the name the field and 
facility; the identification test area; the wheel load; the amount traffic 
the time test; the type and thickness wearing course, base, and subgrade; 
and the CBR the various layers. The data are presented two groups 
facilitate plotting. One group gives data for wheel loads less than 30,000 
the other, for wheel loads 30,000 and greater. line the two groups 
given number for reference the plots. 

Fig. 29(a) shows CBR design curves for wheel loads 15,000 20,000 
25,000 30,000 lb, 40,000 50,000 and 60,000 lb. The 15,000-lb, 
and 60,000-lb curves are the same the runway curves presented 
the Engineering Manual for War Department prepared the 
Office the Chief Engineers. The others are interpolations from curves 
given the manual. The interpolated curves are presented facilitate com- 
parison with the field data. These design curves represent slight modification 
from the original extrapolations presented Symposium paper No. that 
the thickness requirements have been reduced slightly for the higher CBR 
values the range cohesionless materials. This modification was made 
the basis the results accelerated traffic tests. Also, minimum thick- 
nesses have been established for the various wheel loads. The minimum 
thicknesses are specified insure satisfactory performance from settlement, 
weather, and other features, well prevent shear the subgrade. For 
comparison, the California design curves representing light and heavy highway 
experience used the are shown. 

Fig. 29(a) plot data for wheel loads less than 30,000 Fig. 
plot data for wheel loads 30,000 and more. The data from the acceler- 
ated traffic tests and the airfield pavements are identified appropriate sym- 
bols. Variable thicknesses were usually tested the accelerated traffic tests; 
therefore, three symbols were used for the data. Where was possible 
determine thickness base and pavement adequate prevent shear deform- 


"Airfield Pavement Design: Flexible Pavements,’ Engineering Manual for War Department Con- 
struction, Office Chf. Engrs., Army, Washington, C., July, 1946, Pt. XII, 11, Fig. 
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ation the subgrade, half black rectangle has been used. Inasmuch the 
half black rectangles represent the thickness selected necessary prevent 
shear deformation, the design curves should pass through them. solid black 
rectangle indicates that shear deformation occurred under the maximum thick- 
ness tested; hence, the symbol indicates that greater thickness required. 


Combined Thickness, in Inches of Wearing Course and Base 


Airfields - 

@ Failed by Subgrade Shear _ 


| 


Failed by Subgrade Shear 4 


@ = Thickness Required to Prevent Subgrade Shear 
| 
3 4 5 6 7 8 910 20 30 40 50 60 70 80 90 
California Bearing Ratio 


open rectangle used where shear deformation occurred the subgrade 
the minimum thickness base and pavement tested; hence, lesser thick- 
may adequate. Variable thicknesses were usually not found the 
airfields and only two symbols were used for the airfield data. solid black 
denotes pavement that failed and open circle denotes satisfactory 
pavement. The first number beside each point the wheel load, kips 
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thousands pounds, and the second number refers the appropriate line 
Table 

study Fig. 29(a) reveals that the data for wheel loads less than 30,000 
agree with the general pattern the design curves. general, the points 
representing adequate pavements plot below the respective design curves, 
which the proper relationship since the indications are that the thickness was 
satisfactory and that possibly lesser thickness may have been satisfactory. 
Exceptions are three points from the Campbell Army Airfield, Camp Campbell, 
Kentucky (lines 53, 54, and 56, Table 9(a)), and one point from Woodward Army 
Airfield, Woodward, Okla. (line 62). Little weight given the data from Camp 
Campbell since the CBR values were determined after 7-month period 
which practically traffic occurred. The point from Woodward (line 62) 
plots depth which about 3.5 in. less than the respective design curve. 
Except for the instances noted, the points representing satisfactory pavements 
plot either very close to, below, the respective curves. also noted that 
the points representing failures plot above the respective design curves, which 
proper since the indications are that more thickness was required. the 
case the failure Bergstrom Field, Austin, Tex. (line Table 
subgrade with CBR failed under 15,000-lb wheel load, the failure point 
plots directly the curve. Data are available from the Stockton 
and Barksdale test sections where the thickness required prevent subgrade 
shear was bracketed. the Stockton data (line 61) the bracketed thickness 
tends fall below the respective curve, and the Barksdale data (line 49) the 
points tend plot above the respective curve. The data for the heaver wheel 
loads shown Fig. also are agreement with the general pattern the 
design curves although the data are not numerous those for the lighter 
wheel loads. All the points representing satisfactory pavements fall either 
below the respective design curves and the points representing failures plot 


above the respective design curve. One point plots fairly close the curves 


but the others are well above the curves. This point for 37,000-lb wheel 
load and CBR from the Waterways Experiment Station test section 
(line 23, Table The data from Stockton and Barksdale, where the thick- 
ness required prevent shear the subgrade was bracketed, plot below the 
respective design curve. The data from Stockton (line 61) plot well below the 
curve. the case the Barksdale data (line 49) the curve passes through the 
upper limit the bracketed thickness. 

From general study both sets curves Fig. 29, certain features can 
noted. One that the curves appear conservative the higher CBR 
values. Except for the point for the wheel load from the Waterways 
Experiment Station test section (line 23, Table there are failure points 
which approach the design curves for the higher CBR values. Reductions 
the thickness requirements have been made this range, however; and, 
shown Fig. 29(a), the requirements are less than the original California high- 
way experience. Also, any possible thickness reductions this range would 
small since minimum thicknesses have been established for the various wheel 
loads for other reasons than the prevention subgrade shear. 
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Another feature that noted that the curves and data for the lower CBR 
are reasonably good agreement for wheel loads less than 30,000 
however, the agreement not good for the heavier wheel loads. There 
evidence that the thickness requirements should probably increased about 
4in. in. for the 50,000-lb and the wheel loads. 

summary, the data that have been obtained from the accelerated traffic 
tests follow the general pattern the design curves. There are indications that 
the design curves are slightly conservative for the higher CBR values. Any 
reduction thickness requirements, however, would slight, and its applica- 
tion would limited minimum thickness requirements prevail for CBR 
values above the range from 30. For the lower CBR values, the design 
eurves appear approximately correct for the lighter wheel loads, but there 
are indications that thickness requirements for the heavier wheel loads may 
have increased in. 5in. change the present design curves 
contemplated, however, until additional data are received. 

the analysis, considerable weight was given the data from the acceler- 
ated traffic tests. From the standpoint test results, these data are probably 
the most reliable since the amount traffic was carefully recorded and all test- 
ing was very carefully done. When the first traffic tests were conducted, there 
was question whether the thickness base and pavement required the 
test would correct for airfield pavement under heavy traffic. The 
fact that the data from the accelerated traffic tests are agreement with the 
data from airfields evidence that the thickness requirements the traffic 
tests approximate, reasonably well, those for airfield pavements under heavy 
traffic. 

The points plotted Fig. represent the pertinent data that are available. 
Although there some deviation the field data from the requirements the 
design curves, absolute accuracy this kind work cannot expected, and 
considered that the field data and the design curves are substantial agree- 
ment. The curves are believed represent the total thickness high- 
quality base and pavement required prevent shear deformation the under- 
lying layer under the maximum intensity single wheel traffic that occurs 
runways military airfields. 
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DESIGN CURVES FOR VERY HEAVY MULTIPLE 
WHEEL ASSEMBLIES 


the preceding Symposium papers, data have been presented leading the 
development design criteria for single wheel loads. When the B-29 plane was 
introduced with dual wheel assemblies, was necessary evaluate the effect 
the dual wheel comparison with the single wheel maximum use the plane 
was obtained. the request the Army Air Forces, the Corps 
Engineers initiated study develop design curves for flexible pavement 
ness and for other requirements the B-29 These curves show difi- 
nitely that considerable saving base thickness can effected the use 
dual wheels. Further study the problem has evolved procedures whereby 
the method used developing the B-29 curves can extended and applied 
any wheel load assembly. Curves for given assembly can developed 


Wearing 
Course 


Subgrade 
(a) SHALLOW BASE 


a 


DEEP BASE 


readily which will permit the rapid evaluation the efficiency variations 
the spacing the wheels. The purpose this paper present the method 
which the B-29 curves were developed and show the extension that may 
applied any given assembly. 

Although the method described herein was developed primarily for air- 
planes, also applicable the determination the effect multiple truck 


Senior Engr., Chf., Flexible Pavement Branch, Soils Div., Waterways Experiment Station, Corps 
Engrs., Vicksburg, 

Requirements for Flexible Pavement Design for B-29 Waterways Experiment 
Station, V Gibom, Miss., 1 August 1945. 
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axles highway pavements. The method can used find axle spacings 
and loads that will produce greater detrimental effect than produced 
given load single axle. 

Fig. schematic diagram the B-29 dual wheel assembly thin 
flexible pavement and thick flexible pavement. The design load the 
dual assembly the B-29 plane 60,000 30,000 each tire. Fig. 
30(a) refers the case shallow base. this case the bearing value 
the subgrade must necessarily high order that the thin base may ade- 
quate prevent failure the subgrade. Fig. refers the case thick 
base. The subgrade this case would poor, requiring substantial thick- 
ness base prevent failure. both diagrams, shading shown under each 
tire which intended suggest the distribution critical stresses induced 
the subgrade. The distributions shown represent particular case and are 
used only for the purpose this discussion. Regardless the accuracy the 
distribution drawn, must conceded that some shallow base thickness 
the two wheels the dual assembly will stress the subgrade practically indi- 
pendent units, with little overlapping stresses. Under very 


Dual 
10 30000-Lb Single 


Wheel 


B - 29 Dual 


7 


Pressure Cell Reading 60000-Lb Single Wheel 


Plane 
Plane 


(a) DEPTH MAXIMUM 
VERTICAL STRESS 


DEPTH MAXIMUM 
SHEAR STRESS 


deep base (Fig. the stresses from the two wheels overlap considerably. 
Again, must recognized that there depth which the overlapping 
stresses would great that the stress induced the subgrade from the dual 
wheel assembly, for all practical purposes, would the same that induced 
single 60,000-lb wheel load. Thus was reasoned that the thickness design 
curves for the B-29 plane must range between the curves for the and 
the single wheels. previously stated, thickness design curves were 
available for single wheels. The problem determining design curves for the 
B-29 dual wheel was narrowed finding: 


The thickness each tire stresses the subgrade independent 


The thickness which the two tires stress the subgrade one single 
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was further reasoned that, those two thicknesses could determined, 
thickness requirements between the two values would vary orderly 
manner, 

The thickness which each tire the B-29 dual assembly acts inde- 
pendent unit, and the thickness which the two tires act single unit, were 
determined comparisons vertical stresses, shearing stresses, and deflec- 
tions. These comparisons are illustrated Figs. 35. Details the 
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manner which these data were obtained are not essential for present pur- 
poses; however, these details appear 

Fig. 31(a) plot the variation maximum vertical stress (pressure 
pounds per square inch) with depth, under wheel load. Three curves are 
shown, representing the computed maximum vertical stresses under 
single wheels, 60,000-lb dual wheels, and single wheels, which had the 
physical characteristics listed Table 10. Computations were made using 
Boussinesq’s formulas assuming homogeneous material. Stress charts devised 
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Professor were also used the computations. would 
expected, the vertical stress for any wheel load greatest immediately under 
the tire and decreases with depth; and, any given depth, the heavier wheel 
load induces greater stress. Also shown the plot are measured observa- 
tions vertical stresses obtained from pressure cells under B-24 plane which 


40, No. 12, Urbana, November 10, 1942 


University of Iilinois Bulletin, Vo 


06 
04 (Extrapolated) 
Kip 
30-Kip 
Singh 
f 
0.05 
| | / / 
| 
50 60 


FLEXIBLE PAVEMENTS 539 


had 30,000-lb load single wheel, and under B-29 plane which had 
load dual wheels. The circles and the light curve the left, 
well the triangles and the heavy curve, represent comparable loading. The 
agreement between actual observation and theory this case considered 
reasonably close. Attention directed the fact that the theoretical 


TABLE CHARACTERISTICS WHEEL LOADS 


Distance 


Major Minor axis Area Pressure 
(in.) (in.) (sq in.) 
in. 


27.12 15,73 335 89.55 


89.55 
22.24 670 89.55 


single wheel curve and the B-29 dual wheel curves are identical depth 
Also, for all practical purposes, the B-29 dual load and the 
single load have become identical depth about 80in. Thus, the study 
maximum vertical stresses establishes the two thicknesses about in. and 
80in. Atdepths in. and less, the 


tires the 60,000-lb dual assembly 


depths about in. and greater, 
they induce maximum vertical stresses 
single 60,000-lb wheel load. 

Fig. shows the variation 
maximum shearing stress with depth 
wheel 
load, the stress greatest the sur- 
face and decreases with depth. Also, 
any given depth the greater wheel 
load induces the greater stress. 
are shown for the maximum 
shearing stresses for 30,000-lb single 
wheels, 60,000-lb dual wheels, and 
single wheels. noted 
that the curves for the B-29 dual 
wheel load coincide about 20in. 
identical for depths less than in., 
and the fact that the curves cross with the B-29 dual wheel showing less stress 
than the 30,000-lb single wheel the range below in. attributed 
erroneous assumption weightless soil mass that was made computing the 
stresses. also noted that in. the stress approximately the same 
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for the B-29 dual wheels and the single wheels. Thus, analysis 
maximum theoretical shearing stresses sets the limiting thicknesses about 
For depths about in. and less, the two tires the 
B-29 dual wheel induce stresses independent 30,000-lb wheel loads. For 
depths about in. and greater, the maximum shearing stresses induced 
the B-29 dual wheel assembly are the same those induced 
single wheel load. 

comparison can also made between single and dual wheels the basis 
subgrade deflections. this paper the comparisons are made using graph- 
ical method which special development. For this reason, will pre- 
sented more detail than were the comparisons which were based vertical 
pressures and maximum shear stresses. Actual deflection data for dual wheel 
load are available only from the Marietta test section. Although the Marietta 
data included comparisons between single wheels and dual wheels, none were 
obtained for single wheel weighing 60,000 lb, equal the combined maximum 
load the B-29 dual wheel. Therefore, was necessary extrapolate the 
data available 60,000 for single wheel make the analysis. 
justify such extrapolation, deflection data will first presented from the 
Stockton test which data are available for single wheel loads be- 
tween 5,000 and 53,500 

Fig plot the subgrade deflections produced standing wheel loads 
ranging from 5,000 53,500 the Stockton tests.** (Open symbols rep- 
resent measurements made prior traffic and symbols represent tests 
made after 477 coverages with wheel load. Curves within the range 
test data are shown heavy lines, curves beyond the range test data are 
shown light lines; and interpolations and extrapolations are represented 
dashed lines. Thickness refers combined thickness base and pavement.) 
Fig. 32(a), subgrade deflections and pavement thicknesses are plotted the 
coordinates for constant loads. Fig. the same data are plotted with 
subgrade deflection versus load for constant pavement thickness. Curves drawn 
approximately through the plotted points appear straight lines the loga- 
rithmic scales. allowing slight deviations from the points, possible 
draw the entire family curves mutually parallel each other that any 
point selected curve Fig. 32(a) will alsodie its corresponding curve 
Fig. Corresponding plots have been made for deflections measured 
under moving wheel loads but these are not presented this paper. The 
curves are drawn with consideration the entire group points secured from 
all wheel loads, all thicknesses base, and for both moving and standing 
wheel load conditions. some instances, individual curves not pass 
through their plotted points closely might have been possible had the 
points been considered individually and not connection with the entire group 
deflection data. 

The Stockton report demonstrates that the tire contact areas varied con- 
siderably for the different wheel loads; however, this variation apparently did 
not affect the deflections. all cases, the depth base was more than the 


Stockton Runway Test Section,” Engr. Office, Sacramento, Calif., September, 1942. 
%* Tbid., Figs. 9, 12, 16, 20, and 23. 
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width the tire contact area and believed that under these conditions the 
size the contact area has relatively little influence the subgrade deflection. 
The same condition noted the Marietta deflection data. 

extending the curves for the pavement thickness shown Fig. 
from 53,500 60,000 indicated, the theoretical deflections can deter- 
mined for each pavement thickness for the 60,000-lb wheel load. Replotting 
these points Fig. 32(a), extrapolated wheel load can drawn. 
The curve for the 30,000-lb load Fig. 32(a) may drawn interpolating 
the deflections for 30,000-lb load from the curves Fig. 

The deflection data for moving wheel loads obtained Stockton produce 
similar curves when plotted this manner. The slopes the curves for the 
moving wheel load deflections are the same those for the standing wheel load 
deflections; however, the magnitudes the deflections are less for the moving 
than for the standing wheel load. 

The Stockton data show that the variation subgrade deflection with 
thickness base and pavement and the variation subgrade deflection with 
wheel load can expressed straight lines logarithmic plots for the range 
wheel loads and thicknesses included the study. With these straight-line 
curves interpolations are possible which are considered rational. Also, extra- 
polations are possible which are considered reasonable long they not 
extend too far beyond the range measured data. 

Deflection measurements for single wheel and dual wheel loads from the 
Marietta data are shown Figs. and 34. (The plotted points are average 
values all the standing wheel load tests—that is, with the loaded tire over the 
center the gage—given the report the Marietta Fig. shows 
deflections for standing load and Fig. those for moving load. 
single wheel load curve obtained extrapolation discussed preceding 
paragraphs shown Figs. and 34. the case the B-29 dual wheel, 
the plots represent deflections secured with one tire, rather than with the 
center dual wheel, gage. For very thin pavements and base courses, 
this position the tire over the gage would produce the greater subgrade 
deflection. greater thickness pavement and base, the deflection under 
the center the dual wheel shown slightly greater than that directly 
under tire. However, the difference small that within the range 
the scattering individual test data. Because the inclusion deflection data 
for the case which the center the dual wheel over the gage further com- 
plicates the analysis without appreciably changing the results, has been 
omitted. 

Figs. 33(a) and 34(a), which are plots for single wheel loads, the curves 
drawn through the plotted points are mutually parallel. The slopes the 
curves Fig. are the same those Fig. 34(a). They form parallel 
lines when plotted indicated Figs. 33(c) and 34(c). The plots for dual 
wheel loads, Fig. 33(b)and are also all mutually parallel, but they are not 
parallel with the plots for single wheel loads, Figs. 33(a) and Therefore, 
indicated, that, the thickness the base increased, the deflections 


“Certain Requirements for Flexible Pavement Design for B-29 Waterways Experiment 
on, 
and 


Vicksburg, Miss., Appendix Pavement Tests, Marietta, August 1945, Tables 


542 FLEXIBLE PAVEMENTS 


the subgrade will decrease different ratio for single wheels than dual 
wheels. 

Figs. 33(c) and which are deflection-versus-load plots for constant 
base and pavement thicknesses, the plotted curves for both single wheels and 
dual wheels are all mutually parallel. the load either single dual 
wheel increased, the deflections produced either will increase the same 
ratio. The pavement, base, and subgrade therefore appear acting 
elastic medium comparable manner under either wheel. 

Curves deflection versus thickness for 30,000-lb and single wheel 
loads and for dual wheel loads are shown together Fig. for com- 
parison. The curves for both the moving loads and the standing loads have 
been extended beyond the available data points include thicknesses base 
between in. and about in. 

recognized that the extrapolation the data base thicknesses 
in. extends the curves points where unreasonable deflections are indicated, 
because shear deformation would certainly have occurred the subgrade had 
deflected the amounts shown the extrapolated data. However, basis 
this extrapolation may found the Stockton test data, where deflections 
produced wheel loads from 5,000 53,500 plot essentially straight 
lines. the test had been conducted subgrade with sufficiently high 
CBR, can assumed that the deflections 10-in. depth base would not 
have overstressed the subgrade. this case the slope and the spacing the 
would probably change, but believed that the change would 
the same proportion for the dual wheels for the single wheels, with the result 
that the deflection-versus-thickness curves would still approach each other 
about the same thicknesses indicated the available data. From Fig. 35, 
can noted that the curve for the B-29 dual wheel approaches the curve for 
single wheel thickness base about Thus, for base 
courses in. and less thickness, B-29, dual wheel tire produces 
subgrade deflections independent 30,000-lb single wheel; and, for bases 
thicker than in., the B-29, dual wheel produces subgrade deflec- 
tions though were 60,000-lb single wheel. 

the basis the deflection measurements and the theoretical analysis 
stresses, the two tires the B-29 dual wheel would act point load 
depth about Therefore, the assumption that, for all practical 
poses, the dual and single wheels produce stresses and strains the 
subgrade thicknesses base and pavement greater than in. considered 
reasonably correct. consequence, this assumption used the re- 
mainder the analysis. The upper limit—the point where the effect the 
B-29 dual wheel load (60,000 the same that single wheel 
load—is more difficult determine. The deflection measurements indicate 
about in.; the vertical pressures, about in.; and the maximum shears, about 
20in. Since the 10-in. depth slightly more conservative, has been selected. 

From these findings, concluded that the B-29 design curve should 
coincide with the single wheel load curve depth in. and with 
the single wheel load curve depth in. The thickness re- 
quirements between these two limits should vary orderly manner. 
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The next step develop the design curve from these limits. The single 
wheel load design curves presented Symposium paper No. are used for this 
development, rearranged with wheel load plotted against thickness logarith- 
mic scales shown Fig. 36. CBR values for single wheel loads are shown 
with wheel load 30,000 connected with the point 75-in. thickness 
with 60,000-lb wheel 
points. Since the deflec- 
tion data plot straight 
lines logarithmic scales, 
was considered that 
straight line between 
these points represented 
orderly variation. The 
intersections this 
straight line and the CBR 
curves determine the 


thickness requirements for Thickness of Base and Pavement, in Inches 
the B-29 curve. The 


60-Kip Single 
Whee! Load at 
75 In. Thickness 


Wheel Load, in Kips 


thickness required for 
CBR in.; for CBR in.; etc. These thicknesses can 
plotted semilogarithmic scale similar the single wheel design curves 


presented paper No. 

translating thickness requirements from single dual wheels this 
manner, assumed that dual wheel which produces the same maximum 
stresses and strains the subgrade given single wheel will require the same 
thickness base and pavement under actual traffic does the single wheel. 
Theoretical considerations indicate that the requirements for the dual wheels 
will probably slightly less than those for the single wheels.** 

This method was extended cover any multiple wheel assembly simply 
resolving the two thicknesses—the shallow depth which the dual wheels act 
independent units and the deep depth which they act single wheel— 
into ratios appropriate dimensions the assembly. this manner the two 
depths can determined for any assembly, and curves can drawn. 

From Fig. 30, readily apparent that the dimension the assembly that 
governs the depth which the dual wheel loads act independent units the 
spacing between the contact areas the tires, which has been designated 
the two tires are moved closer together, the stress patterns would overlap 
shallower depth. they are moved farther apart, the depth would 
greater before they overlap. Therefore, the depth which the tires act 
independent units has been resolved into ratio the clear distance between 
the contact areas the two tires. This distance the B-29 plane approxi- 
mately in. and the thickness which the tires act independent units has 
can expressed d/2. 
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inspection can also noted that the depth which the dual wheels 
act single wheel load governed the distance between the centers the 
wheels, which has been designated The tire contact width would also affect 
this depth, wider tires would produce greater overlapping How- 
ever, the depth under consideration, the percentage increase overlapping 
the stresses caused wider tires would small. Consequently, the depth 
which the dual wheels act single unit resolved into ratio the distance 
between the centers the wheels. The spacing between the centers wheels 
the B-29 dual wheels 37.5 in. and the depth which the dual wheel loads 
act single wheel load has been determined The ratio this thick- 

These ratios give the two depths for determining the end points the design 
curves for any wheel assemply. depths d/2 less, the curve will the 
same that for single wheel load equal the individual wheel load the 
assembly. depths and greater, the curve the same that 
single wheel load equal the total weight the assembly. applying the 
ratios dual tandems other variations involving more than one dimension, 
the minumum distance and the maximum distance must used. Fora 
dual tandem assembly, distance would the clear spacing between the con- 
tact areas either the front the rear tires, and distance would the diag- 
onal center-to-center spacing between front tire and the opposite rear tire. 

Extension the existing single wheel design curves should limited 
multiple wheel assemblies which use tires with pressures comparable those 
used developing the single wheel curves. The existing single wheel curves 
are based observations the behavior pavements subjected 
tires inflated pressures ranging from about per in. 110 per in. 
considered that the existing single wheel curves are applicable for tire 
pressures the range about 100 per in. 

For numerical illustration, consider the problem 300,000-lb (gross 
weight) plane. For all practical purposes, assumed that the total load will 
carried two wheel assemblies which are loaded 150,000 each. Three 
different types wheel assemblies are considered: Case single tire; case II, 
dual wheels spaced in. from the center center; and case III, dual tandems 
with the wheels spaced in. from center center and the axles in. from 
center center. For each case assumed that the tires will have circular 
contact areas rather than the usual elliptically shaped areas. Studies have 
shown that this can done without causing appreciable errors. contact 
pressure 100 With these data, values for d/2 and can 
computed readily. For case values are obtained, since this the single 
wheel. Values d/2 are 12.6 in. and 9.1 in. for cases and III, respectively. 
Values are 112 in. and 146 in. for cases and III, respectively. 

Fig. 37, the single wheel design curves are shown with wheel load plotted 
against thickness base and pavement logarithmic scales. The curves have 
been extended 150,000-lb wheel load, using the tentative 150,000-lb curve 
introduced the Engineering Manual for War Department Consiruction July, 
For case the point 75,000 and 12.6 in. was joined with the 
point wheel load and 112 in. The intersections this 
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line CBR curves determine points the design curve for this as- 
The design curve for case III was determined similar manner joining 
the point wheel load and 9.1 in. with the point 150,000-lb wheel 
load and The intersections this line and the CBR curves determine 
the thickness requirements for thisassembly. Fora CBR in. required; 


| | California Bearing Ratio 2s= 146 In. 


Wheel Load, in Kips 


Thickness of Base and Pavement, in Inches 


Fie. 37.—Tentative Mersop or CompariInG THICKNESS REQUIREMENTS FOR VARIOUS 
Loap 


made the values either d/2 without appreciably changing the 
thickness values for the design curves. Variations great 10% either 
will not vary the thickness requirements more than about in. 
Comparisons the effectiveness the various assemblies can made 
directly from this plot; however, difficult obtain the actual extent 
savings thickness reduction unless they are converted percentages. Table 


TABLE THE EFFECTS ASSEMBLIES 


Case Wheel assembly 
Thickness Decrease Thickness ¢ Decrease 
(in.) (in.) (%) 
II 55 13 28 
Ill 44 30 21 45 


Required thickness base and pavement. Percentage decrease from case 


shows values illustrating the comparative effectiveness for two subgrades, 
one with CBR and one with CBR shows the thickness base 
and pavement required for each case and the savings compared the thick- 
ness required for case the single wheel. For CBR thickness in. 
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required for the single wheel, whereas the dual wheels would require in. 
and the dual tandem wheels only in. These values represent decreases 
13% and 30% from the in. required for the single wheel assembly. Fora 
CBR the savings are even greater. The thickness required for the single 
wheel in., whereas in. required for the dual wheels and in. for the 
dual tandem wheels—decreases 26% and 45% respectively. For either 
CBR value, the dual tandem assemblies show considerably more percentage 
decrease than the dual wheels (30% compared 13%, and 45% 
compared 26%). From the standpoint the airfield pavement design, the 
dual tandem assemblies are more effective for this plane than are the dual 
wheels, because they result greater decrease thickness requirements. 

The preceding example shows that the method can used evaluate, 
readily, the effectiveness various assemblies the spacing wheels any 
given assembly. The design curves developed for the three cases should 
considered merely numerical examples that may not apply any given 
plane. noted previously, certain simplifying assumptions were necessary 
develop the various curves. The assumptions are discussed detail else- 
The assumptions appear reasonable; however, each person using the 
method should evaluate their validity for himself. Although this method has 
these and other limitations, the basic reasoning considered sound. The ease 
with which the method can used, and the fact that minor variations setting 
the two limiting thicknesses not appreciably affect the design curves, justify 
its use for determining flexible pavement thickness requirements for multiple 
wheel assemblies until more rational method developed. 
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APPRAISAL THE CBR METHOD 


The preceding papers have presented review the historical development 
the CBR test and its application flexible pavement design. They also 
contain individual summaries the principal traffic test sections that were 
constructed check the validity the design curves. Finally, papers are 
included which verify the design curves for single wheel loads and which develop 
principles from which design curves for any desired multiple wheel load can 
prepared. the purpose this concluding paper evaluate the several 
component parts the design method and present both its virtues and its 
the end that the maximum intelligent use may made the 
method the laboratory, for design, and construction. proposed 
review the method developed, thus pointing the way its intelligent use. 

The CBR test used this method consists forcing 3-sq-in. circular 
piston into the soil and measuring the resistance penetration. The resistance 
converted bearing ratio comparing the resistance obtained 
penetrating high-bearing material adopted standard. The penetration 
test essentially simple shear test, and the CBR index the shearing 
strength The CBR used determine, design curves, the total 
thickness base and pavement required prevent shear deformation the 
given subgrade soil for specified wheel load. 

After the initial trial the CBR method the Corps Engineers, 
became apparent that conditions and soil types, varying considerably from 
those encountered California, made necessary initiate program 
laboratory research the test used the method. This project, explained 
paper No. was assigned the Soils Division the Waterways Experiment 
Station. After about years study, the test was developed the state 
which now (1948) used the Corps Engineers. Also, presented 
several previous papers, comprehensive program field testing was conducted 
correlate the design curves with traffic requirements. Research and field 
correlation studies have been carried the point where believed that the 
CBR method can used for the practical and economical design military 
airports. 

The studies the California method design have resulted considering 
the method have three separate parts: 


The design curves, 
The penetration test, and 
The preparation laboratory samples. 


Tue 


The original design curves for airplane loadings were extrapolations the 
basic highway loading curves developed the California State Highway 


Engr., Chf., Soils Div., Waterways Experiment Station, Corps Engrs., Vicksburg, Miss. 
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Department. These curves have been correlated with field behayior mea- 
suring the CBR, place, test sections and existing pavements and 
serving the effect traffic. The curves have been adjusted the point where 
considered that, in-place CBR values for specified base and subgrade 
are available, the curves will reflect their behavior under traffic. other 
words, when the field in-place test indicates underdesign, overdesign, correct 
design, the present curves, the actual results pavement behavior under 
traffic have generally substantiated the curves. This particularly true 
for fine-grained cohesive soils. Some scattering data has been experienced 
for cohesionless materials, especially for clean sands, and the design curves are 
generally considered conservative for these materials. shown paper No. 
the curves, drawn, conform closely the available data and produce 
orderly group curves. Extreme accuracy should not read into the 
curves; generally, they could shifted amount equivalent in. in. 
pavement thickness and would still agree reasonably well with the data. 
their present state, the curves are subject minor modification from time 
time additional data become available. The final report Stockton test 
section No. which loads 200,000 were tested (traffic tests com- 
pleted 1947) has not yet (1948) been published, however the data indicate 
that curves extrapolated from the lower wheel loads (up 70,000 for the 
high loads used the Stockton tests, were not conservative. 

One criticism the California method that the base thicknesses obtained 
this method are too great. previously stated, the thicknesses indicated 
the design curves are not excessively conservative. noted that 
safety factor additional thickness has been included the design curves. 
The criticism partly the result lack understanding the basic design 
premise with respect permanent construction used the Corps Engi- 
neers. Permanent construction may defined resulting stable pave- 
ments for continuous use the designated wheel load for long period with 
only minor maintenance. Permanent construction obtained using 
conservative design which (a) assumes maximum field moisture the base and 
the subgrade, and (b) requires high-quality upper base and wearing courses. 
general, permanent construction defined considerably more conservative 
than either highway airport design the years preceding World War 
This not criticism flexible pavements designed agencies other than the 
Corps Engineers but does indicate probable difference the definition 
interpretation anticipated life. realized that many arguments can 
advanced against pavement design meeting the requirements for permanent 
construction defined the Corps Engineers; however, has been, and 
still is, considered feasible design permanent military airports the con- 
tinental limits the United States this criterion. clarifying the basic 
premise design, hoped that engineers who have believed the CBR method 


Pavement Test Section for 300,000-lb. Airplanes, Stockton, California,” Ralph 
— and O. J. Porter, Proceedings, Highway Research Board, National Research Council, Vol. 25, 1925, 
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result unduly costly and conservative pavements may reconsider the test 
different light. 

Another feature the CBR method design which sometimes criticized 
that base composed, throughout, high-quality material not considered 
have any advantage over the same thickness layered base with inferior 
materials the lower part. The present studies have progressed far enough 
give good indications that base materials not all have the same stress-distrib- 
uting qualities and that low-quality bases are probably poorer stress-distrib- 
uting media than are high-quality bases. entirely possible that the 
thickness indicated the design curves should increased low-quality 
base used the lower part the pavement sections. 


THE PENETRATION TEST 


Part the method, previously mentioned, deals with the penetration 
test. This test relatively simple with very little chance for the personal ele- 
ment affect the results. Experimentation the mechanics and the proce- 
dures making the penetration test, both the laboratory and the field, has 
indicated that reliable and that results can reproduced reasonably well 
the hands ordinarily good technicians. Special details technique are 
summarized paper testing clean sands, necessary surcharge 
the surrounding area during the test obtain CBR values that are indicative 
the behavior Difficulties are experienced reproducing results 
materials such clay-gravels which contain large-size particles—because large 
particles directly under the piston affect the results. large number tests 
these materials and average the results will assist materially ob- 
taining good test values. Soil always variable material and few uniform 
deposits exist. using the CBR test, necessary, with any other test, 
conduct sufficient number tests obtain good average results. 

Admittedly, the penetration test has the weaknesses all empirical-type 
tests. However, has the following advantages: 


The equipment used the test light and mobile; and 

The test can used the laboratory and field for correlation, design, 
evaluation, and construction control purposes. 


Although they are not part the penetration test such, mold effects 
have direct bearing the CBR values obtained. Mold effects have been 
harassing and are continuing These effects are more noticeable 
silts than clays. necessary exercise good judgment weighing 
possible mold effects CBR values for use design. 


PREPARATION LABORATORY SAMPLES 


Part the method—that is, the preparation the samples for the pene- 
tration the most troublesome the use the CBR method design 
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tool. The problem consists preparing the sample that truly represents 
the condition (1) consolidation, (2) moisture content, and (3) the structure 
that will obtained the prototype. true representation obtained 
these three conditions, then has been proved that the CBR design curves can 
used with assurance. admitted that entirely satisfactory laboratory 
method preparing specimens duplicate the conditions the prototype has 
not been developed. When tempered with judgment, however, the method can 
used give samples that will show CBR values which approximate reason- 
ably well the CBR that can expected the prototype. with the pene- 
tration test, greater trouble experienced with sands and granular materials 
than with fine-grained cohesive soils. 

The method preparing specimens the condition consolidation ex- 
pected the prototype has consisted compacting the specimens with 
standardized compactive effort. was desired set the compactive effort 
high produce specimens with high degree consolidation (which bene- 
obtained the prototype because the compaction increases the CBR 
the material), thus permitting thinner base courses. This high compaction 
also reduces the possible consolidation hazards under the heavier wheel loads. 
Therefore, the Corps Engineers increased the standard AASHO compactive 
effort such degree that the resultant maximum density was believed 
sufficiently high meet the requirements necessary for satisfactory field be- 
havior. The revised test commonly called the modified AASHO compaction 
test. the design CBR based highly compacted sample and this com- 
paction not obtained the prototype, the actual CBR obtained construc- 
tion will less than the design value and the result will pavement section 
that underdesigned. must admitted that the compactive effort used 
the original CBR test developed the California Division Highways and 
the compactive effort adopted the Corps Engineers produce densities 
laboratory specimens that are very difficult obtain with the usual construc- 
tion equipment and methods. This fact the source some criticism. 

this connection should recognized that the California method the 
emphasis has been placed design thickness. This not intentional, but 
results from the fact that special test and set design curves are used for 
determining the required thickness. However, just important that the 
subgrade and the base compacted adequately prevent detrimental con- 
The CBR test does not provide information with respect the 
amount settlement expected the pavement surface result 
consolidation the base course and the subgrade. quite possible 
design and construct pavement section containing material compacted 
degree which may satisfactory from the standpoint shear deformation 
but which may allow consolidation take place the point that detrimental 
settlement will produced the surface. For this reason, necessary 
supplement the CBR test with definite compaction requirements. The CBR 
method used the Corps Engineers requires compaction definite 
percentages the density obtained from laboratory field compaction tests. 
The percentages are varied accordance with the wheel load and the depth 
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below the surface the given soil. recognized that for some soils the 
specified percentages cannot obtained practicably. these cases 
necessary adjust the design obtain balance between the thickness re- 
quirements and the compaction requirements. Method for preparing and 
testing CBR specimens, described paper No. will furnish information 
that will permit ready adjustments these requirements. 

One the favorable features the CBR test that can conducted 
specimen which the moisture content can adjusted given 
design value—condition (2) the problem preparing samples meet pro- 
totype conditions. This phase simplified, that, for design the condition 
maximum field moisture has been assumed exist. Maximum field moisture 
the maximum moisture content that given soil can reach under conditions 
heavy rainfall, high water table, and poor drainage. general, under the 
condition maximum field moisture, the voids the soil, except for sands, are 
only from about 75% 95% (by volume) filled with water. Consequently, 
the design condition not conservative were based completely 
saturated condition where all the voids were filled with water. information 
moisture conditions under pavements was very conflicting, the Corps 
Engineers had other course than assume the maximum condition 
insure conservative design. 

simulate the maximum field moisture, specimens are soaked the labo- 
ratory water for days prior the penetration test. general, days 
soaking approaches the maximum field moisture, especially near the surface 
where the penetration tests are made. the prototype the condition maxi- 
mum field moisture may occur: (a) Immediately; (6) over period years; 
(c) never, some instances where ground water, drainage conditions, and soil 
types are particularly favorable. conditions (b) and (c), the CBR method 
tends criticized because its use results pavements which are too con- 
servatively designed. The basis for this criticism the case condition 
not believed valid that surplus strength present the pavement only 
until the design moisture condition occurs. However, the case condition 
(c), the criticism believed valid. Long-range studies are being conducted 
determine the moisture content that occurs under pavements arid, semi- 
arid, and wet regions. 

true that, general, the condition maximum field moisture repre- 
sents the lowest strength soil; however, when compacted the degree called 
for the design, the resulting strength may usually relied fulfil the 
design requirements. Only the cases highly expansive soils, frost effects, 
soils compacted much lower degree density than called for the design, 
are wholly inadequate strengths obtained. 

this point believed desirable demonstrate the possible effects 
consolidation the CBR given subgrade soil base layer when high 
percentage the voids filled with water. When consolidation occurs under 
this condition, hydrostatic excess pressures can developed which may very 
materially reduce the strength the soil. This reduction strength can 
quite rapidly. The possibility developing hydrostatic excess pressures 
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greatest for silts and fine silty sands, which are relatively impermeable but 
which, they possess very little cohesion, have tendency consolidate 
readily under load. High water table, capillarity, pumping, vapor condensa- 
tion, and poor drainage are critical factors the development hydrostatic 
excess pressures. 

Under condition (3) preparing samples meet prototype conditions, the 
problem produce the same structure laboratory samples that produced 
field compaction. most research and test programs, the research 
the CBR test has demonstrated the need for additional lines study—one 
the most important being the possible variation structure that soil may 
attain the result variation degree and type compactive effort and 
variation compactive moisture. Variation structure may indicate con- 
siderable change strength. Change strength due change initial 
molding moisture has been demonstrated the laboratory study the CBR 
test, details which may obtained from paper entitled, 
Characteristics Compacted Soil Systems,” Joseph Eustis, Assoc. 
ASCE, and John McRae, presented the ASCE Annual Meeting New 
York, January 19, 1945. The Waterways Experiment Station engaged 
series field compaction studies attempt determine, among other 
things, any possible variation structure produced various types field 
compaction equipment comparison with that produced various types 
laboratory compaction equipment and methods. Soils studied were sand, 
sand-clay, and clay-silt. Structure effects were evident the field studies 


the two finer-grained materials. one them, reasonable correlation was 
obtained with the dynamic laboratory test, and the other was not. One 
very noticeable effect the field curves com- 
pared those the laboratory that the former were transposed the 
right, closer the zero air-voids curve. Until this condition corrected, 
complete correlation between field and laboratory compacted structures cannot 
exist. 


Discussion 


applying the CBR method design, necessay make thorough 
study the existing subgrade soils and the possible materials available for 
base course construction. The materials used must first selected and 
then the proper CBR value determined foreach. obvious that the selected 
CBR value must based the density and moisture conditions ex- 
pected the prototype satisfactory pavement obtained. high 
degree field compaction desirable, that subsequent consolidation due 
plane traffic held minimum and higher CBR values are obtained. 

the selection the proper CBR value for design, the Corps Engineers 
resorts one the other two test procedures. The first might called the 
minimum procedure and generally used, particularly emergency construc- 
tion, where time for design limited. The second longer procedure 
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more complete development design CBR values and desirable the time 
element not too critical, and particularly where advantageous have 
complete picture the variation the CBR with both density and water con- 
tent. Both these methods are demonstrated paper No. 

the minimum (method CBR test procedure, the compaction curve 
fully developed for the modified effort and densities are obtained for two lesser 
compactive efforts modified optimum moisture. CBR values three 
soaked specimens molded optimum water content for the three compactive 
efforts are obtained. optimum moisture the range CBR values with 
density obtained. The variation the CBR with moisture not obtained; 
consequently, unless very close control the moisture field construction 
maintained, considerable variation strength would result. 

The test procedure (method consists developing compac- 
tion curves for the modified compactive effort, and for two lesser efforts, and 
determining the CBR each compacted specimen. This procedure demon- 
atrated Fig. 11. The data plotted Fig. will furnish design engineers 
and field engineers with visual picture the possible spread CBR test 
values with both the water content and the density the soil. The design 
engineer thus has better method for choosing the design CBR value, and the 
field engineer has better tool for the control construction. building 
background experience and familiarity with the soils given area, the 
design engineer can evaluate the results the CBR tests and can select value 
that can expect obtain the prototype—one which can use with con- 
fidence. One important feature that should emphasized that tests all 
soils except those for clean, granular materials tend show rapid decrease 
soaked unsoaked CBR values with increasing molding moisture above opti- 
mum. must impressed the implication that field compaction and 
moisture control can very critical determining the final strength the 
subgrade and the base course. 

Briefly, may stated that, result the laboratory research program, 
field traffic tests, and prototype experience behavior, the Corps Engineers has 
found the CBR test have broad utility, that can used successfully 
laboratory design test, field construction control test, and pavement 
evaluation test. 

Summary.—The penetration test and the design curves have been developed 
the point where they are considered very reliable. must admitted that 
entirely satisfactory method has not been developed for preparing labora- 
tory specimens that will duplicate prototype conditions for all soils all times, 
under all conditions, and for all areas. particular the Corps making 
serious effort determine what general areas and specific localities the 
conservatism design represented the 4-day soaking period need not 
followed. However, with due consideration the limitations just mentioned, 
considerable progress has been made the preparation specimens, and the 
test procedures and methods data analysis now proposed give the design 
engineer very good information the CBR that can expect obtain the 
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prototype. not considered amiss point out that the difficulties en- 
countered preparing specimens for the CBR test would also encountered 
any other type test. 

conclusion, desired state that the Corps Engineers believes that 
the empirical California method, presently developed and when properly 
applied, reasonable and satisfactory for the design flexible military airport 
pavements. This statement does not imply that more rational method 
design employing actual strength characteristics the soil not desirable. 
matter record that the Corps has several long-range research and fact- 
finding studies under way from which hoped that completely rational 
design procedure may developed. 
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DISCUSSION 


Assoc. ASCE.—This Symposium has presented 
clear manner explanations many the features the California bearing 
ratio (CBR) method design flexible pavements. The following discussion 
concerns just two points. 

Extensive field testing and observations indicate that there good agree- 
ment, for the most part, between the thickness requirements given the 
design curves and the pavement thicknesses giving satisfactory service. 
appears that this agreement has been obtained using the field, in-place 
CBR test, results. The question arises how good agreement would 
obtained laboratory CBR test values were used. Another way posing 
this question would ask how much agreement there between CBR 
values obtained soaked laboratory samples and those subgrades which 
pavements have been place for long period time. 

Correlation between the laboratory and field tests dependent both 
moisture content and other factors such soil structure and methods com- 
paction. the opinion some engineers that laboratory bearing tests 
soaked specimens always give smaller CBR values than tests the prototype. 
This thought probably based their concept the soaking procedure 
and the resultant high moisture content. However, may that such factors 
inadequate field compaction, required speed field construction, and dif- 
ferences soil structure may quite often tend give lower field CBR values 
for subgrade than for the soaked laboratory specimen. Paper No. 
Messrs. Jervis and Eustis indicates that considerable work has been done 
develop the laboratory procedure that the results are applicable field 
conditions. Additional data comment how successful this has been 
would enlightening. 

Messrs. McFadden and Pringle, paper No. and Mr. Turnbull, paper 
No. 11, mentioned studies which data subgrade moisture conditions are 
being collected. Some comment the findings made thus far such studies 
would welcomed. There have been numerous general comments elsewhere 
extremely wet subgrades being encountered arid regions. However, very 
little actual data such nature are found. The writer was connected 
with some studies subgrade moisture conditions made the Highway 
Research Board the National Research These studies indicated 
that for subgrades arid semiarid regions the moisture contents were 
markedly less than those humid regions. For example, the data for forty- 
three airfields western Texas, New Mexico, Arizona, and parts California 
with less than 11-in. annual precipitation show that less than 10% the sub- 
grade soil samples had moisture contents great their This was 
true even for clay soils which normally tend exist high moisture contents. 


Associate Prof., Civ. Eng., Univ. Minnesota, Minneapolis, Minn. 


Moisture Conditions,” Proceedings, Highway Research Board, Re- 
search Council, Vol. 24, 
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This study was for airfields which, many cases, had been paved for only 
year two. test program sponsored the Los Angeles (Calif.) District, 
and conducted with the cooperation the Arizona and Nevada highway de- 
partments, consisted taking samples the subgrade from three six 
locations the highways adjacent to, close possible to, airfields. The 
pavements studied had been place from years years; the average age 
was about years. The soils encountered were for the most part quite sandy. 
the ninety-three samples reported with plastic limits, only two had moisture 
contents excess this constant. Even the heavier textured soils (of which 
there were only about dozen) did not tend wetter than their plastic limit. 
Studies more humid sections the United States indicated much greater 
proportion tests attaining high moisture contents. 

the test results the current study the Corps Engineers, Depart- 
ment the Army, indicate that moisture contents tend remain low 
beneath pavements arid semiarid regions may possible alter the 
CBR procedure for soils from such areas. Some comment the Symposium 
authors the trend their results would value. 


papers the Symposium present, concise form, the results several years 
research along broad front the comparatively new field airport pave- 
ment design. Each paper definite contribution itself and the entire 
group papers has served very materially advance the profession. Many 
readers will recognize the fact, however, that the information contained 
this Symposium actually but small part the total which the authors have 
made available and which deals with both classes pavements, flexible and 
concrete. 

For organization that has several well equipped laboratories, stationed 
different sections the United States, there considerable advantage 
using type test such the North Dakota cone and the California bearing 
ratio (CBR) test. Because their simplicity and the speed which such 
tests can made, possible obtain, expeditiously, their use, thorough 
survey soils and available aggregates any locality. the final analysis, 
however, pavement and the supporting earth under must considered 
structure. What goes into the structure important but the procedure 
whereby material becomes integral part the structure—that is, the 
workmanship construction—is factor equal importance. Any test 
that test the finished product, the structure itself, reflects the combined 
influence all the factors, including both materials and construction. Paving 
case mass production and all cases mass production the final criterion 
test the finished product. This may the form actual traffic tests 
pavement strips built especially for testing purposes may involve static 
load tests several trial pavement sections constructed within the area 
proposed runway, parking area, etc., that paved. The construction 


Comdr., CEC, Navy, Director, Eng. Technical Services Div., Bureau Yards and Docks, 
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trial pavement sections has proved itself (and apart from load tests 
made such sections) most valuable source practical information. 
this method has been found, Navy experience least, that certain diffi- 
culties encountered the field compaction certain subbase and base course 
materials could not have been predictable from the laboratory compaction 
tests. 

doubt possible establish over-all statistical relationship between 
flexible pavement thickness and laboratory test, such the CBR test. Such 
statistical realtionships are exemplified Fig. the paper Mr. Middle- 
brooks. Such statistical curves may improved and refined almost endlessly 
obtaining more and more correlative data with respect actual service 
performance. However, any graphical representation this kind the 
actual scattering the points representing individual sections pavements, 
runways, taxiways, even entire airfields that not receive special study 
cannot shown. The exceptions that would fall the unsafe side any 
such curvilinear relationship, plotted from great collection statistical data, 
could very costly. The general tendency, therefore, all such statistical 
procedures, preclude exceptions that could the unsafe side over- 
conservatism establishing the thickness design curves. This fact should 
appreciated and thoroughly borne mind all who design flexible type 
pavements. The fact that such statistical relationships have considerable 
utility should also appreciated since they tend generally establish the 
upper limits the design pavement thickness. 

For any specific case one cannot estimate the actual factor safety 
using the thickness versus the CBR values. substantial factor safety 
required runway where sudden pavement failure may hazardous 
costly planes and human life. taxiways and parking areas pavement 
failure usually involves nothing more than local patching paved area. 
Nevertheless, reason dynamic loading, taxiways, warm-up aprons, and 
parking areas are subjected extra heavy loading. factor safety 
1.75 against overstressing concrete pavement seems accepted generally 
ample for unlimited operations. reasonable suppose that the factor 
safety against overloading flexible pavement need not more than this 
amount. The real job engineering meet both requirements—safety 
and economy—in airport paving. 

The Bureau Yards and Docks, the United States Department the 
Navy, has considered that these requirements have demanded realistic 
approach the problem flexible pavement design, that generalities should 
avoided considerable extent, and that not economical rely too 
much statistical data and procedures designing flexible type pave- 
ment for individual airfield. has concluded further, and after extensive 
field studies, that the assumption that the subgrade under the pavement, 
time, will become soft from the infiltration water the compacted labora- 
tory samples subjected days soaking, absolutely untenable. The 
bureau has become increasingly aware also considerable degree variation 
the load-distributing properties different types subbase and base course 
materials and aggregates, consideration that hitherto has been ruled out 
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using the CBR design yardstick. The ruling out this factor was admittedly 
error according the observation recorded the paper Mr. Turnbull 
(under the heading, Design This observation definite 
advance the improvement and the use the CBR design procedure. The 
use design curves obtained plotting concrete pavement thickness versus 
either the subgrade reaction modulus, even the subgrade CBR, might seem 
warranted since concrete relatively standard material; but the use 
such curves for any and all kinds flexible pavements consisting diverse 
types subbases, base courses, and surfacings, irrespective the extent 
which each the several layered components spreads the load, seems not 
warranted. Modification the CBR thickness design curves manner such 
that they reflect the diverse load-spreading characteristics different materials 
and materials compacted differently one the next needed improvements 
the procedure. 

Another needed modification the CBR design yardstick, according the 
experience the Bureau Yards and Docks, considerably less conservatism 
estimating anticipating the degree softening loss bearing value 
the subgrade caused infiltration surface water. The bureau has 
the subgrade data obtained thirty-two Naval and Marine 
Corps air stations, various sections the United States. The in-place 
moisture content and densities the subgrades under the pavements were ob- 
tained each case Navy field personnel assigned this task. The pave- 
ments had been subjected traffic for variable periods from years 
years. The average in-place moisture content the top in. subgrade did 
not exceed the average laboratory-determined optimum 
out total twenty-six airfields for which laboratory optimum moisture data 
were available. only one field was the average subgrade moisture above 
the average plastic limit the soil and this field the surfacing was very 
bad condition the time testing. five out twenty-seven fields having 
flexible type pavements the average in-place subgrade dry density exceeded 
the maximum laboratory-compacted dry density. This observation good 
agreement with the conclusions paper No. Mr. Redus. study the 
tabulated data reported the Bureau Yards and Docks discloses very few 
individual instances where the maximum moisture content the subgrade 
was above the plastic limit. The general trend was clear. There seemed 
generally progressive diminution moisture and corresponding in- 
crease subgrade density traffic was continued and the pavements were 
kept reasonably good state repair. Exceptions this trend included 
pavements where the maximum ground-water level was less than below 
the pavement. Similar subgrade and moisture data have been reported for 
Canadian airfields Norman who further presents direct 


Evaluation Loading Tests Naval and Marine Air Stations,” 
Palmer and James Thompson, Proceedings, International Conference Soil Mechanics and Founda- 
tion Eng., Rotterdam, June, 1948, Vol. II, pp. 222 to 236. 

Loading Tests for the Evaluation the Wheel Load Capacities Airport Pavements,” 
L. A. Palmer, in ‘‘Symposium on Load Tests of Bearing Capacity of Soils,"” Special Technical Publication 
No. 79, A,8.T.M., 1947. 

Runway Evaluation Norman McLeod, Research Report No. 4B, Re- 
search Correlation Service, Highway Research Board, National Research Council, 1947. 

Canadian Investigation Load Testing Applied Pavement Design,” Norman 
posium Load Tests Bearing Capacity Special Technical Publication No. 79, 
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comparison between the CBR wheel load rating and the actual traffic sustained 
four Canadian airports. example this comparison, Dorval Field 
Montreal, Que., Canada, without excessive maintenance cost, sustained 
23,000 operations planes weighing more than 64,000 between January 
1942, and January 31, 1947, with CBR load rating 5,000 for single 
tire. Quoting from Mr. McLeod’s 


“Canadian experience indicates that airplane wheel load 
any given magnitude can carried pavement and base course which 
have only fraction the thickness specified U.S.E.D. [United States 
Engineer design.” 


The experience the Navy 100% agreement with this statement. 
the present time (1949) the pavements sixty its air stations have been 
studied and evaluated. These sixty air stations, with few exceptions, have 
flexible type pavements from in. in. total thickness and, com- 
paratively low maintenance cost generally, they have sustained the traffic 
planes having single wheel loads from 5,000 60,000 lb. For the sub- 
grades these same fields and the basis the CBR design curves, the pave- 
ment thicknesses should have been from in. about in. thickness 
have sustained this same traffic. 

Fortunately, for the most part, overdesign the CBR and other design 
yardsticks has not been too extravagant. understood that taking the 
CBR equipment the field use and obtaining the in-place CBR values 
the subgrades and base courses the wheel load rating the pavement may 
increased over its earlier design bearing value. This more realistic ap- 
proach and effect correction the initial design load estimate. How- 
ever, since field CBR test essentially miniature loading test, the question 
arises why would not preferable make actual loading tests areas 
comparable those the tire prints? According James Newman, 
ASCE, plate bearing tests have definite place the determination 
strengths completed pavements. The Bureau Yards and Docks has found 
plate loading tests expedient and reliable both the evaluation flexible 
pavements after construction and the design new pavements. the 
average, the loading test data are good agreement with theory, but because 
the exceptions theory relied bureau procedure. The wheel load 
rating the runway, taxiway, etc., made contingent the data obtained 
from the weakest spots the paved area, with the stipulation that such weak 
spots truly representative the entire paved section. 

Traffic tests, either actual pavements specially constructed test 
strips, should simulate actual and not exaggerated traffic conditions. the 
Stockton Field tests California, described Mr. Porter’s paper, 1,600 
repetitions moving wheel load one would seem give 
quite distorted picture the effect normally distributed traffic. Even 
the narrowest taxiways there never this extent. One can 
imagine the extreme punishment taken flexible pavement when 3,730 
vehicles, each producing 40,000 pressure single tires, line up, one 


Discussion James Newman, Jr., Airfields: Transactions, ASCE, 
Vol. 110, 1945, pp. 734-737. Jd vee 
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behind the other with all the tire loads traversing paths that are only three times 
the width tire. Field studies the Bureau Yards and Docks show 
definitely that traffic compacts the base and subgrade generally and under the 
entire taxiway and runway. This compaction rather than shear and the 
data reported Mr. Redus seem good agreement with the Navy field 
studies. Mr. Redus reports progressive consolidation both plastic and non- 
plastic base courses traffic. Progressive base and subgrade compaction, 
all one rut narrow path, will inevitably cause failure the bituminous 
surfacing which cannot act beam. 

Finally, comment the CBR test itself required. The standard loads 
1,000 per in. and 1,500 per in. for and 0.2-in. penetration, 
respectively, have reference “‘standard crushed described Mr. 
Porter’s paper. Aside from the fact mentioned Mr. Turnbull that “large 
particles directly under the piston affect the results,” obvious that the type 
deformation that characterizes the standard crushed stone vastly differ- 
ent from that which characteristic soaked, plastic clays, and silts. There 
can “modulus shearing resistance” that commonly characteristic 
both these extremely different types materials, because the top inch 
soaked clay practically its liquid limit and the penetration due dis- 
placement without either elastic compression appreciable consolidation. 
the other hand, the standard crushed stone brittle material that possibly 
fractures some extent and surely must undergo elastic compression under 
the load the piston. Again, variations much 1,000% “corrected” 
CBR values have been reported for the same soil the same moisture content 
the Vicksburg (Miss.) the variations being attributed primarily 
different compaction procedures. carefully controlled standard com- 
paction procedure will eliminate all such extreme variations measured CBR 
values, but such laboratory standard truly indicative the actual field 
compaction? Mr. Turnbull’s paper seems express reason- 
able doubt this possibility under diverse field conditions. 

conclusion, believed that although great progress has been made 
using the empirical CBR design method, pending still further needed modifi- 
cations this method, more realistic procedures (such direct loading tests 
traffic tests that simulate actual traffic conditions) are required for the sake 
economy pavement design. 


ASCE.—Within about one hundred pages, the contrib- 
utors have recorded years experience developing, testing, and applying 
method for designing soil layers support moving loads. author 
treats his phase the subject detail, making available the story the 
empirical deduction from field observations, followed the confirmation 
from controlled tests for highway traffic, the extension method the design 
airport pavements and, the program field testing confirm and modify 
the method applied airport pavement design. all this detailed record, 


California Bearing Ratio Test Applied the Design Flexible Pavements for 
Memorandum Waterways Experiment Station, Vicksburg, Miss., July 1945, 
Pp 


Cons. Engr., New York, 
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however, there clear definition the California bearing ratio (CBR), 
the soil characteristic which supposed represent. 

This discussion limited the question correlation CBR value with 
soil identification and classification. the “Foreword” the CBR the soil 
stated index strength obtained simple shear test. paper 
No. Messrs. McFadden and Pringle infer that shear test proper the 
design flexible pavements, although they also state that the CBR test may 
not supply the ultimate answer. 

The basis the design method actually the following: 


(1) There unique experimental procedure performed according 
fixed rules—namely, soil sample rigid mold, in. diameter in. 
high, compressed static load 2,000 per in. (144 tons per ft); 
then saturated while loaded with weights equal the pavement and other 
static loads imposed above the soil layer under consideration; followed, 
finally, measurement the load required force flat surfaced piston 
(area in.) into the soil distance 0.1 in. The ratio this load the 
load required for the same penetration the piston into crushed rock road 
base material the the soil. For field tests, the static compression 
load replaced standard impact compaction methods. 

(2) The result this procedure the major criterion soil action under 
traffic loaded flexible pavements. 

(3) Identity test results represents identity soil action, that, 
effect, for this design problem the CBR test complete method soil 
identification and classification. 


The primary purpose engineering design avoid failures (sufficiency), 
and the requirement economy (necessity) close second. Mr. Porter’s 
original conclusions resulted from the observation pavement failures (paper 
No. 2), which are classified 


(a) Lateral displacement the soil result softening water 
absorption (viscous flow); 

(b) Differential settlement (failure the solid state); and 

(c) Excessive deflections resulting from repetitions load (failure 
plastic material). 


The first two types failure are assumed caused insufficient compac- 
tion the soil during construction, and the third indication insufficient 
shear strength because either the nature the soil poor compaction. 
Therefore, the CBR test seems limited the strength determination and 
classification such soil will exhibit plastic characteristics (in the compacted 
state) under repetitions load. The design method then becomes the choice 
the necessary thickness soil layers proper CBR value prevent the 
plastic deformation the soils below such layers. 

proper design the CBR method, stated Messrs. Middlebrooks 
and Bertram paper No. there shear deformation, but there are still 
the settlement the subgrade, the compaction the base and surface, and 
the elastic deformation. These three factors are not direct functions the 
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CBR value. addition, might argued that, even the shearing stress 
does not exceed the shearing strength, there may also measurable strain. 
any case, must made clear that the CBR method disregards the pos- 
sibility soil strains accumulating failure from other causes, even the 
necessary shear strength provided. 

study the test data reports brings some questions along this same 
line thought. the Stockton Field tests California, Mr. Porter reports 
pavement settlements from in. in. during the traffic tests without 
causing pavement failure. These settlements are credited the heavy wheel 
loads added compaction over that obtained the rollers during construction 
(paper No. under the heading, “Description However, the 
data Table indicate that subgrade deflections the bottom the crushed 
gravel base were substantial, and least 70% the measured values the 
top the pavement. Correspondingly, the Barksdale Field test Shreve- 
port, La., Mr. Hansen reports (in Table under the heading, 
Test Results: Compaction Requirements Prevent Excessive Consolidation,” 
paper No. that the subgrade was compacted permanently traffic, 
depths in. for the 20,000-lb track and in. for the track, with 
detrimental shear deformation. 

the Marietta (Ga.) test, Mr. Griffith (in paper No. under the head- 
ing, “Discussion Tests and Test reports two unsatisfactory 
pavement assemblies, both which the clay subgrade and the sand-clay 
base were consolidated higher dry densities. Table there interest- 
ing phenomenon reported, for which Mr. Griffith may have explanation. 
Although traffic caused additional consolidation the subgrade, the pressure 
cells rose much in. during the test. Such displacement the recording 
must accompanied local soil distortion, and readings question- 
able accuracy. seems pertinent inquire why there dependence 
soil changes and shear strength and, further, whether decrease CBR value 
denotes that shear failure, and only shear failure, responsible. 

The greater advance made soil technology the CBR method, often 
overlooked, the premise that the soils found are used, modified 
necessary physical manipulation, and covered with stronger layers for proper 
distribution loading. Every soil can used, sometimes great expense, 
but soil has zero value. 

The weakness the CBR method lies the premise that only plastic 
failure must guarded against and that other strains the soil body will 
not cause failure the pavement, either directly affecting the plastic 
range action. would seem more logical set criterion that the 
soil characteristics (density, moisture content, and the CBR, some other 
measure shear resistance) are not altered permanently traffic loading, 
for adequacy design. 

The respective authors should complimented for making available this 
complete record data and the correlation with the CBR design procedure, 
with special commendation for the work Mr. Porter, apparently visible 
each phase the Symposium report. 


: 
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Middlebrooks and Bertram their paper state 
that one the methods used extrapolating the California bearing ratio (CBR) 
design curves heavier wheel loads was the elastic theory. their extra- 
polation was the intent that sufficient thickness base and wearing course 
provided prevent subgrade shear. The thicknesses obtained this manner, 
however, were empirically decreased for the higher CBR values the basis 
the experience the consultants. Mr. Foster presents data relative the 
behavior several pavements under traffic tests and compares the results 
appropriate wheel load groups. can shown that the CBR design curves 
currently appearing the Engineering Manual for War Department Construc- 
follow the elastic theory very closely and that, therefore, they may 
expressed single curve which applicable any wheel load. Also, the 
traffic test data presented Mr. Foster’s paper may plotted the same 
scale and compared with this single design curve. 

Fig. represents any two independent uniform circular loads placed the 
surface semi-infinite, elastic body. Point corresponds point just 


point photographic enlargement corresponds the same point the 
original; that is, the depths and offset distances are the same terms the 
respective radii. Assuming that both loads have the same surface contact 
pressure, well known from elastic theory that the value any particular 
stress (vertical, horizontal, principal, shear) point equal the value 
the same stress point comparison made series such uniform 
circular loads which have the same contact pressure but are increasing total 
magnitude, can noted that the value any stress can maintained con- 
stant corresponding pionts such and maintaining the ratio the 
depth the radius the loaded area constant value. Moreover, since 
and are any corresponding points, they can well taken the location 
the most critical stress the depth under consideration. 


Flexible Pavement Branch, Soils Div., Waterways Experiment Station, Corps Engrs., 
Vicksburg, Miss. 
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The original CBR curves were extrapolated the consultants different 
ways. Messrs. Middlebrooks and Bertram made their extrapolations the 
basis the elastic theory, increasing the thicknesses for the different wheel loads 
sufficiently that the maximum shear stress for given CBR value was held 
constant value. This result can accomplished readily, the photographic 
enlargement concept described the preceding paragraph, maintaining the 
ratio depth radius loaded area constant for any given CBR value. 
described the latter part the paper Messrs. Middlebrooks and Bertram 
Mr. Porter’s curves were based allowable deformation for the various 
loads, whereas those Casagrande, ASCE, were based the relative 
sizes the loaded areas. However, since the curves obtained the three 
different methods were substantial agreement, appears that the same rela- 
tion between the thicknesses and the dimensions the loaded areas inherent 
each and, therefore, constant ration depth radius loaded area can 
assumed for any given CBR. This relation expressed the equation: 


z=ar=0a 


which the combined thickness wearing course and base, 
the radius, inches, the loaded area treated circle; the ratio the 
depth the radius constant which depends the CBR the subgrade; 
the surface contact pressure, pounds per square inch; the total wheel 
CBR are constant. 

The thicknesses for wheel loads from 5,000 150,000 required the 
CBR design curves published the Engineering Manual for War Department 
are given Table 12. The values shown for the 
wheel load are those derived 1948 from Stockton, Calif., test section No. 
each case the value for has been computed from the relation: 

Reading from left right Table 12, can noted that, for any particular 
CBR, the values for tend nearly equal and that there particular 
trend with the load, the values for the smaller loads being some cases greater 
than those for the heavier loads. However, those for the wheel load 
and the wheel load are somewhat less than the others. determine 
how much change the design thicknesses would involved assuming 
that constant for particular CBR, thicknesses for each the wheel loads 
were computed from the average values for shown the right column 
Table thicknesses are plotted and compared with the original curves 
Fig. 39. comparison the two sets curves shows that there good 
agreement for the 5,000-lb curve and the 15,000-lb curve and for that part 
the 150,000-lb curve with CBR less than about 15. The agreement for the 
curve and the 70,000-lb curve not good, the present design curves 
showing somewhat less thickness than the computed values. stated 
Mr. Foster, however, the behavior data indicate that the thicknesses for these 
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two wheel loads may have increased. The computed thicknesses for the 
curve are less than those required the present design curve above 
CBR about 15. The thicknesses developed Stockton for the 
curve for these CBR values indicate that the lesser thicknesses for the 150,000- 
load may more reasonable. view the generally good agreement 
between the two sets curves, the assumption that can taken con- 
stant for particular CBR seems reasonable. 


5 Kips 15 Kips 40 Kips 70 Kips 150 Kips 200 Kips |Average 
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The use the single factor for the expression the thicknesses for any 
wheel load makes possible plot all the available traffic test data the same 
scale. Using values for and shown Table the thicknesses which 
the several pavements failed were satisfactory were converted K-values 
using These points are shown Fig. and are compared with curve 
plotted from the average values for taken from Table 12. The curve divides 
the failed from the satisfactory fields reasonable manner. The fact that 
one case point indicating failure falls within the satisfactory zone indicates 
that the curve not unduly conservative. also clear that the shape the 
curve for CBR values greater than has not been fully substantiated. 

Throughout this analysis value has been assigned the surface contact 
pressure; has been designated simply constant. Messrs. Middlebrooks 
and Bertram mention pressure per in. for their extrapolations and 
known that contact pressures the Stockton test section No. exceeded 
100 per in. The contact pressures reported for the airfields and the test 
sections listed Table varied between approximately per in. and 100 
persqin. view the fact that the curve presented Fig. applicable 
the loading conditions represented the plotted data, considered that 


this curve valid for contact pressures and including least 100 per 
in. 


ratio 
z K K K K 2 K K K 
0.194 0.200 0.195 
0.165 0.169 0.166 
0.146 0.149 0.147 
0.119 0.122 0.120 
0.103 0.105 0.103 
0.096 0.099 0.096 
0.075 0.078 0.073 
0.065 0.064 0.059 
0.050 0.047 0.043 
0.043 0.036 0.033 
0.036 0.030 0.029 
0.032 0.025 0.029 
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Assoc. ASCE.—Among the various methods for 
the design flexible pavements, the one developed the California Division 
Highways has proved very practical and reliable. being used success- 
fully Central and South America. 

One the advantages obtained using the California compaction 
method, with applied static load 2,000 This method gives 
low moisture content for the point maximum density, which facilitates 
greatly the compaction work the field. the other hand, was found that 
the “optimum moisture” obtained using the standard method (the method 
the American Association State Highway Officials (AASHO)) sometimes 
near the plastic limit. this point the soil too wet and cannot com- 
pacted properly. 

Likewise, the following results (which are close agreement with the ones 
reported the Symposium) have been obtained: 


There definite relationship between the modified AASHO and the 
California compaction method. most the cases higher values (up 6%), 
for maximum dry densities, were obtained from the California static method. 
Also, the California bearing ratio (CBR) varied appreciably both cases. 

general, CBR varies noticeably with density. Therefore, appears 
more reasonable base the design flexible pavements the CBR 
corresponding the density actually obtained the field after compaction, 
rather than the maximum density determined the laboratory. 

Between the CBR values 0.1 in., and the expansion obtained after 
soaking the sample for days, the following relationship has been established: 


(a) Soils that expanded more had CBR values less than 9%. 

(b) Soils having CBR equal higher than 15% showed expansions 
equal lower than 2%. 

(c) Soils having CBR higher than 30% expanded less than 1%. 


many cases the stress-penetration curve not smooth one. the 
test rerun and the same nonsmooth curve obtained again, appears 
more logical base the design flexible pavements the average CBR 
0.1 in., 0.2 in., 0.3 in., 0.4 in., and 0.5 in., rather than 0.1 in., 0.2 in. 


general, the selection the CBR value for design purposes should 
based field conditions, and readjustments should made according the 
density, moisture, depth which the water table found, rainfall, drainage 
conditions, and other existing conditions. 


ber points that have not been understood either the proponents the 
opponents the California bearing ratio (CBR) method for airfield pavement 
design contained the Symposium. 

the papers Messrs. McFadden and Pringle, Porter, and Middle- 
brooks and Bertram, the point made that form shear test required 
the design flexible type pavements and that the CBR test measure 


* Cons. Engr., Materials Testing Dept., Ministry of Public Works, Caracas, Venezuela. 
Asst. Prof., Soil Mechanics Section, Civ. Eng. Dept., Agri. Mech. College Texas, College 
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shearing resistance soils. From knowledge the test details 
would seem that the resistance the soil sample penetration the piston 
consists two reaction components comparable those which resist the 
penetration friction pile. These components are (1) the resistance 
punching shear around the periphery the piston and (2) the point resistance 
which distributed over the area the contact face the piston. Since 
the modulus shearing resistance determined the resistance 0.1-in. 
penetration, probably can argued that the first the components re- 
sponsible for predominant part the resistance penetration for such 
low value deformation where the second component has not yet been mo- 
bilized significant degree. This explanation seems logical the soil 
cohesive material; but the value the modulus shearing resistance obtained 
this manner, for coarse-grained base materials that are very low compressi- 
bility, would appear measure penetration resistance, not shearing 
resistance. The question arises relative the limitation type soil for 
which the test valid. understood that the California Division 
Highways does not use the test determine measure the shearing resistance 
all types soils, including flexible base materials, and some discussion 
this fact the closure will appreciated. 

the description the adaptation the CBR method the design 
airfield pavements the extrapolation the original curves has been made 
the basis the elastic theory. significant that shear stresses were used 
guide making the extrapolation and, for the first time the writer’s 
knowledge, the pressure used this process stated. 

Published data airfield test projects indicate that tire inflation pressure 
and tire contact pressure are not exactly thesame. Therefore, would more 
accurate state that contact pressure per in. was used the extra- 
polation because that was the approximate value the tire inflation pressure. 

Fig. illustrates fact which the authors recognize, but which has not 
received the attention deserves limiting the use the design curves. 
This figure shows that the maximum shearing stress for the 70-kip wheel load 
greater than that produced 12-kip load. the contact pressure re- 
mains constant the increased load reflected increased bearing area 
which does not increase the magnitude the maximum shearing stress but 
does increase the depth which occurs. The important part this discus- 
sion that, unless the qualifying contact pressure given, the designer not 
aware the effect contact pressure and considers gross wheel load alone 
the significant factor the design. The trend inflation pressures for air- 
craft tires upward marked degree and the maximum shearing stress 
per in. induced 12-kip load contact pressure 120 per 
in. double the maximum shear stress that develops when this same load 
from changes aircraft landing gear design probably will require some modi- 
fication the empirical design curves now use. 

This deficiency the CBR design curves has been noted independently 
several writers, but believed that the implications greatly increased 


contact pressures have not reached the engineers who are responsible for pave- 
ment design. 
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Assoc. ASCE.—The eleventh Symposium paper 
Mr. Turnbull excellent summary the advantages and shortcomings 
the California bearing ratio (CBR) method. The writer wishes elaborate 
some the points mentioned Mr. Turnbull. The comments are not 
considered criticism the CBR method but are merely presented 
make the practicing engineer fully aware certain phases the method. 

indicated the fourth Symposium paper, CBR values are extremely 
sensitive the density the soil and this fact illustrated Fig. 
With moisture content and molded dry density 120 lb, the CBR 
value approximately 38. the density increased 125 lb, the CBR 
the same material increased 78, more than double the original value. 
Extreme variations also occur the highly plastic soils with CBR values 
from 10. one airport the writer found that the CBR value was when 
the dry density was 106 per ft; however, when the density was increased 
115 the CBR was increased 20. Since there evidence that 
precise correlation exists between the compaction given soil any labora- 
tory procedure and the compaction the same soil fill, the density the 
fill could easily vary much per from the laboratory compacted 
sample. 

Referring the design curves Fig. paper No. readily seen that 
small variations CBR values for subgrade soils with CBR values 
greater will not result appreciable differences the total thickness pave- 
ment and base required support specified wheel load. However, the same 
not true for subgrade soils whose CBR values range from 10. 

illustrate this point further assume that flexible pavement 
designed for wheel load 70,000 lb. the CBR the subgrade 38, the 
required thickness pavement and base 10; however, the CBR increased 
78, the thickness pavement and base reduced in. this instance 
only 4-in. variation thickness results. Now, assume that the CBR the 
subgrade soil The total thickness pavement and base required for 
wheel load in. the CBR value increased the total 
thickness pavement and base reduced in. this case the CBR 
changed only but the thickness varied approximately should 
remembered that often not within the accuracy the test. 

From the foregoing discussion can readily seen that the CBR values 
for the weaker subgrade soils must established with greater care and accuracy 
for design purposes than for soils with CBR of, say, greater. The 
design CBR for airports usually established from explorations and laboratory 
tests prior initiation construction. often very costly revise the 
thickness pavement and base after construction has begun, since would 
normally delay the contractor until revised grades could established. For 
this reason extreme care must taken insure that the density and moisture 
content the laboratory sample conform closely possible the density 
and moisture content the fill place. Most the time this difficult 
achieve. 


- - Prin. Engr., Corps of Engrs., and Lecturer in Transportation Eng., Univ. of California, Berkeley, 
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Another point which the writer desires elaborate the 4-day soaking 
period. gratifying know from Mr. Turnbull’s discussion (paper No. 11) 
that 


the Corps [of Engineers] making serious effort determine 
what general areas and specific localities the conservatism design 
represented the 4-day soaking period need not followed.” 


several instances the writer found that the moisture content the sub- 
grade several years after completion was less than the moisture content the 
corresponding laboratory soaked samples. recognized that many parts 
the United States this condition would not true. Furthermore, the 
moisture content can vary considerably throughout the year depending the 
season. However, the interest economy, consideration should given 
modifying the soaking period localities where can definitely estab- 
lished that the moisture content will not vary appreciably from conditions 
the time construction—especially for the soils where small variation CBR 
results large differences total thickness pavement and base. This 
well illustrated the data contained Table the paper Norman 
McLeod load testing applied pavement 


Joun Assoc. the last and summary paper 
the Symposium Mr. Turnbull relates that considerable criticism has been 
made the procedure for the preparation the test specimens that the 
4-day soaking period excessive and leads pavement thicknesses which 
are too conservative. One aspect the comparison the degree saturation 
the laboratory sample that the prototype has not been discussed fully. 
The spring breakup period many sections the United States the critical 
point saturation for thousands miles airfield and highway pavements. 
During this period (which occurs all regions moderate deep frost pene- 
tration) the ice lenses melt and leave the subgrade saturated or, perhaps, 
“supersaturated” (excess hydrostatic pressure) condition. The reduction 
shearing resistance due such moisture conditions much more severe than 
that created the 4-day soaking period specified for the laboratory specimens 
because the latter rarely results degrees saturation approaching 100%. 

view the conditions prevalent under pavements frost leaves the 
ground, would well continue the specified soaking laboratory speci- 
mens subgrades frost regions until such time experience and the long- 
range studies referred Mr. Turnbull develop qualifying procedures. 
this connection suggested that caution exerted comparing pavement 
performance during few springs with the required thickness pavements. 
First, critical spring breakup periods occur about only once every years, 
and with regularity. Second, pavement failure during the period caused 
combination the moisture weakened subgrade and the application 
heavy loads the pavement. major highways the loads coincide with the 
subgrade condition; airfields, repetitive wheel loads are distributed over 
wide area, and operations are limited few repetitions per hour may 


Asst. Prof. Civ. Eng., State Univ. Iowa, Iowa City, Iowa. 
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suspended during the critical period. Consequently, airfield pavement may 
not fail during the spring breakup for several years, and judgment should 
withheld until sufficient time has elapsed evaluate the pavements properly. 

The writer questions the unqualified rule adjusting the stress-penetration 
curves correct initially concave upward curves. true that practi- 
cally impossible produce stress-deformation curve any kind which 
begins the origin and has the correct shape. this reason most materials 
testing requires the application small load before extensometers are at- 
tached and set. some cases this not feasible and the stress-strain curve 
adjusted correct for uneven bearing and other faults the beginning 
the test. However, these adjustments amount more than one two 
thousandths inch ordinary materials testing. test conducted 
the writer May, 1949, the adjustment amounted more than 0.1 in. 
and resulted CBR number compared CBR for the unad- 
justed curve. Some factor other than uneven seating the piston must 
involved such adjustment. This may the actual shearing deformation 
prior consolidation the soil immediately below the piston. so, 
importance and should not disregarded. 

However, this deformation may due eccentric other inconsequential 
movement occuring between the frame the testing machine and the top 
the mold. Some research should devoted arranging the strain gage 
measure the deformation the soil, not the movement between the frame and 
point the mold. 

Until such procedure developed, better data could secured using 
two strain gages, the same fashion the present one, but arranged record 
the movements diametrically opposed points the rim the mold. The 
readings the gages, then, should averaged secure the penetration. 
Still, caution should exerted any adjustment the resulting stress- 
penetration and limit should set for such adjustment—that is, 
maximum offset from the original origin this curve. 


ASCE.—An elementary design rule requires that 
structure must safe and economical. its turn, elementary principle 
engineering economics states that comparing two different solutions 
engineering problem from the economical point view, not only should the 
original cost structure considered, but also the capitalized cost its 
repairs and maintenance during its span life. 

Pavements are structures. That flexible pavements designed using the 
California bearing ratio (CBR) method are safe beyond doubt. Accelerated 
traffic tests and heavy war service have proved it. Sometimes claimed, 
however, that flexible pavements designed using the CBR are 
because the excessive soaking samples the test. Possibly this true 
some instances; but record such instances has yet presented. The 
Corps Engineers, United States Army, who introduced the the 
emergency period clearly understood it. his paper Mr. Turnbull states, 


Cons. Engr.; Visiting Prof. Eng., Univ. California, Berkeley and Los Angeles, Calif. 
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“Long-range studies are being conducted determine the moisture content 
that occurs under pavements arid, semiarid, and wet This initia- 
tive commendable step the right direction. 

the technical press during 1948 and 1949 statements have appeared 
indicating that wheel loads any given magnitude can carried pave- 
ment and base course which have only fraction the thickness specified 
the Army Again some cases this true. The writer, however, 
does not discern any answer two questions that make him rather uneasy: 
(a) How long will these pavements with fraction the thickness specified 
the Army design remain adequate? and (b) How long will they stay really 
good condition under heavy traffic the case sudden emergency? This 
recalls the necessity working out the theory the economic life span 
runway. For many years highway people have had analogous theory for 
pavements. pavement has only predetermined life span, after which 
more economical replace with new one, instead continuing the 
repairs. Only when such theory elaborated and put work possible 
determine correct comparison between two pavements the basis sound 
engineering economics, stated the beginning this discussion. 

Accumulation Moisture Under few engineering 
questions are controversial the question concerning the accumulation 
moisture under pavements. Some engineers claim that 100% subgrade 
saturation combined with high moisture content quite possible all cases, 
whereas others state that there tendency for decrease subgrade moisture 
under pavements with traffic and time. Both schools thought base their 
opinions field observations. Unfortunately for them, and for the pro- 
fession, their observations are incomplete and reveal only part the true 
picture. the annual meeting the Highway Research Board, National 
Research Council, held Washington, C., December, 1948, Hicks, 
chief soil engineer the North Carolina State Highway and Public Works 
Commission, read paper entitled, Moisture Contents and 
Densities Soil Type Bases and Their Subgrades.” Among other things, Mr. 
Hicks determined the moisture content the subgrades flexible pavements 
twenty points (stations) the State North Carolina each month the 
year 1947, using samples soil spaced from along the length the 
highway, and taken distance about in. from the edges the pavement. 
Presumably, his work may have only relative value for runways that are 
considerably wider than highways; but his results are instructive and inter- 
esting for any pavement engineer. few Mr. Hicks’ data follow: 


Station subgrade soil this station was designated Wadesboro 
and (approximately A-7 the Public Roads Administration (PRA) classifi- 
cation). The pavement was constructed 1942. The observed moisture 
content the subgrade was 33.0% December, 32.2% May, and only 
21.8% January and February. The degree saturation May was 96.1%. 

Station was subgrade soil designated Colfax (approximately 
A-7 PRA classification). pavement was constructed 1938. April 
the moisture content was 32.5% and the degree saturation, 99.7%; and 
September the moisture content was only 13.8%. 
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Station 3.—The subgrade soil this point was designated Tirzah and 
(approximately A-7 PRA classification). The moisture content June 
was 26.6% with 100% saturation. The lowest moisture content value this 
station was 22.7% December. 

Station 8.—The subgrade soil this point was Lloyd and (approxi- 
mately A-5 and A-7 PRA classification). The pavement was constructed 
1939. The 100% saturation occurred September (moisture content 25.9%). 
The lowest moisture content was February (15.1%). 

Station 13.—The subgrade soil was Wadesboro and (approximately 
A-5, A-6, and A-7 PRA classification). The pavement was constructed 
1937. The 100% saturation occurred January (moisture content 25.0%). 
The lowest moisture content was April (19.1%). 


Mr. Hicks’ data show how careful one should interpreting field ob- 
servations. Consider hypothetical case investigator who January 
certain year determined the moisture content station 13, and came back, 
say, six years later wrong month, say, April. seasonal fluctuations 
the soil moisture are not considered, erroneous conclusion may drawn that 
the soil moisture has decreased about per traffic and time.” 

obvious that 100% saturation under runway pavement may 
exceedingly dangerous when heavy plane landing, matter what the 
value the moisture content. such case the total load taken the 
pore water with possibility “quick” state the subgrade. 

Moisture Under Pavements Under Desert Conditions.—Besides interesting 
data soil moisture under desert conditions, gathered the California 
Division Highways, there are observations and suggestions long time 
residents desert regions. course, these observations require criticism and 
thorough analysis; their value cannot denied, however. letter the 
writer Lackay, district engineer the Asphalt Institute, Los Angeles, 
Calif., called the attention the writer case when— 


several miles pavement the driest part the desert about three 
miles west Salton Sea (Imperial Valley, Calif.) failed rapidly that 
could not repaired and had abandoned, although test hole put 
down few feet from the edge the pavement, some feet depth, 
did not disclose much trace moisture the soil while the same 
time the moisture accumulated under the pavement reduced its supporting 
power that thin liquid.” 


Mr. Lackay furthermore describes opposite case paved street through 
Balboa Park San Diego, Calif., where asphalt pavement about 1.5 in. 
thickness laid directly local yellowish adobe clay was perfect condition 
the age years, whereas adjoining concrete pavements both ends 
had been pounded pieces because the accumulation water under them. 

Thermo-Osmosis.—Engineers using the new term, de- 
scribe the phenomenon the natural tendency water flow from rela- 
tively warm relatively cold region within saturated partly saturated 
soil mass. According them, black pavements absorb much heat warm 
seasons, resulting downward movement soil water. clarify the 
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situation, the writer wishes state that what termed some engineers 
“thermo-osmosis” not new phenomenon but simply particular case 
phenomenon controlled the second law thermodynamics established 
Carnot more than hundred years ago. That law® may formulated thus: 
“No self-acting device unaided external agency can transfer heat from 
body lower temperature one higher 

applying this law, its limitations must clearly understood; and, colder 
water moves warmer regions soil mass, sometimes the case nature, 
“external agency” should sought. Thus, when colder water moves to- 
ward hot asphaltic pavements (as apparently occurs sometimes) 
agency” should operative. Without field and laboratory investigations 
along these lines the writer hesitates define the physical nature such 
agency even approximately. However, analogy that cold soil water 
moving the top tree, sometimes incredible heights. This movement 
caused the strong negative pressure, developed the leaves the tree, 
which permits the tree maintain diffusion pressure water the roots 
lower than the surrounding 

Conclusions.—(a) Designers and builders runways should consider the 
economic span life pavements comparing two types pavements two 
different pavement thicknesses the same type; and thorough study 
the accumulation moisture under pavements, including the factors that 
possibly influence such accumulation, engineering problem major 
importance. 


Foster,” Assoc. ASCE; ASCE, anp Mr. 
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posed the discussions, the writers have elected present single concluding 
discussion. The closure was prepared the Flexible Pavement Laboratory 
the Waterways Experiment Station Vicksburg, Miss. has been re- 
viewed and has the approval each author. 

noted Mr. Krynine, the technical press 1948 and 1949 carried 
articles Canadian which indicate that pavements with only 
“fraction” the thickness indicated the California bearing ratio (CBR) 
design method have given satisfactory performance. Commander Tyrrell 
and Mr. Palmer state that the experience the Navy 100% agreement 
with the Canadian experience. 

attempt was made the Symposium show that the development 
the CBR design procedure actually involved two problems. One was the 
correlation wheel load with pavement thickness based in-place CBR 
values; the other was the development laboratory procedures for preparing 
samples meet future prototype condition. Each these problems 
discussed the following paragraphs with respect the relative conservatism 
the CBR method design. 

stated paper No. pavements which have withstood 2,000 coverages 
without shear deformation are considered adequate. Since this coverage 
could experienced 100 days, the amount traffic was considered relatively 
small. appears, however, that large comparison with the traffic 
experienced other regions. For the example quoted paper No. 2,000 
coverages represent 27,000 cycles operation 30,000-lb wheel load. The 
23,000 operations the 64,000-lb heavier planes experienced Dorval 
Field Canada (see discussion Commander Tyrrell and Mr. Palmer) are 
equivalent 11,500 cycles 32,000-lb (or heavier) wheel load, since Mr. 
states that each landing take-off constitutes operation. Even 
all these operations had been one runway (which scarcely possible since 
there are three runways Dorval), this would have produced less than 
1,000 coverages. When considered that the traffic was spread over 
year period with the subgrades frozen from months months each year 
compared the 100-day freezing period for military fields the United 
States, evident that there considerable difference the volume 
traffic. The next most heavily used field, reported Mr. McLeod, 
Toronto, Ont., Canada, with 3,400 operations (about 300 coverages) planes 
weighing more than 50,000 (25,000-lb wheel load). Traffic heavy planes 
all other fields reported “‘several hundred.” 

The Corps Engineers has prepared design curves for airfield pavements 
theaters operation where life expectancy measured terms days and 
weeks rather than terms years. The time element military construc- 
tion theaters operation primary importance, and many elements 
considered essential the permanent type airfield pavements are eliminated 
permit speedy construction. The resulting high maintenance can 
accepted achieve earlier completion date. Because the short life 

Prin. Engr., Chf., Soils Div., Waterways Experiment Station, Corps Engrs., Vicksburg, Miss. 
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| Wheel Thickness Coverages California Design | Percentage 
Line Identification load produce bearing thickness 
| (Ib) p- failure ratio (in.) design 
(2) (3) (4) (6) (7) (8) 
(a) Stockton (Cauir.) Sire No. 1 
3 om 25,000 18 500 5 23.5 77 
5 - 24.5 2,000 5 23.5 104 
6 - 25 3,000 5 23.5 106 
7 i 20 200 5 28.5 70 
8 seo 26.5 500 5 28.5 93 
9 ae | 40,000 3 1,000 5 28.5 109 
10 1 | 36 2,000 5 28.5 125 
12 Item 1 | 39 150 6 60 65 
13 Item 2a 44 1,7 9 48 92 
14 Item 2b 46.5 2,000 10 45 103 
15 Item 5a 18 10 14 37 49 
16 Item 5b | 200,000 20.5 60 16 34 60 
18 Item 7 30 1,5 13 40 75 
jo Item 8 | 34 1,140 17 33 103 
20 | Item B | 30 1,300 8 50 78 
(c) BarKspaLe Frexp, La. 
21 )| 10.6 250 5 21.5 48 
22 || | 13 500 5 21.5 60 
23 } 20,000 15.5 1,000 5 21.5 73 
24 17.5 3,000 5 21.5 81 
25 Seen 5 18 5,000 5 21.5 84 
27 20.5 500 5.5 29 71 
28 50,000 24 1,000 5.5 29 82 
29 6 3,000 5.5 29 90 
26.5 5,000 5.5 
31 Item 1 13 400 10 17.5 74 
32 Item 302 ll 100 14 14 78 
34 Item 4° , 16 Prior to 400 5 27 59 
35 Item 49¢ 16 About 350 4 31 52 
36 | Item 604 16 Prior to 260 2 45 36 
(e) AIRFIELD aT MINDEN, Nev. 
37 NE-SW | 25,000 | 18 385 5 | 23.5 | 77 
(f) Berestrom Fieip, Avatin, Tex. 
38 | NW-SE* | 15,000 | 17 | 358 6 17 100 
39 | NE-SW 23,000 | 7 | 194 4 26 | 27 


*1A-2-1, lane b. 1A-2-1,lanec. ¢2A-2-1,lanec. 4¢3A-2-3, lanee. Pit 3. 
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expectancy certain fields the theaters operation, the volume traffic 
small, and reductions total thickness base and wearing course are 
permitted. Table presents available information the coverages which 
failures occurred several test sections and airfields, where known defi- 
ninitely that failure was due shear deformation the subgrade. Table 
shows the wheel load, the thickness base and pavement above the sub- 
grade, and the CBR value the subgrade. The wheel load and the CBR 
have been used determine design thickness from the CBR design curves, 
and the actual thickness given percentage the design. Fig. 
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Percentage Design Thickness 


10 100 200 00 1000 2000 5000 
Operation 

250 1500 25,000 50,000 5000 Single 
160 1600 16,000 32,000 15,000 Ib Single wheel 
120 1200 12,000 24,000 

60 600 6000 12,000 B29 

40 400 4000 8000 B36 

80 800 8000 16,000 B50,B54 


Fic. 41.—Percentace or Design Tuickness Versus CoveRAGes 


plot the percentage design thickness versus coverages required produce 
failure. The numbers beside each point refer the respective lines Table 13. 
Although there considerable scatter the data, there definite trend for 
failures occur low number coverages where the thickness low 
compared the design, and higher number coverages the thickness 
approaches the design. Independent studies were made these data 
Arthur Casagrande, ASCE, Rutledge and Middlebrooks, Assoc. 
Members, ASCE, and engineers the Flexible Pavement Laboratory and the 
Airfields Branch the Office, Chief Engineers. The results were good 
agreement, and the curve shown Fig. represents reasonable average 
the five independent analyses. The curve was prepared for theater design 
and therefore not conservative, because believed that the importance 


. 
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the time element, and the fact that high maintenance can accepted, warrant 
reasonable element nonconservatism. 

Commander Tyrrell and Mr. Palmer state that the factor safety cannot 
estimated the use the CBR curves. true that procedure has been 
developed for expressing the adequacy the design numerical ratio with 
base; however, Fig. indicates the degree adequacy for given volume 
traffic. Failures have occurred where the thickness was equal the design 
value, which evidence that, for unlimited traffic, the factor safety 
small, extra thickness has been added. Furthermore, only small re- 
ductions thickness are justified until the volume traffic very small. 
Fig. also indicates that pavement constructed even small percentage 
the design thickness would have fairly high factor safety for the case 
“sudden pavement mentioned Commander Tyrrell and Mr. 
Palmer, since slab with even one half the design thickness would with- 
stand about coverages failing load. the basis the data previously 
presented and the data plotted Fig. 41, concluded that the CBR design 
curves are not overconservative for unlimited operation. 

The second problem the development the CBR design procedure the 
development laboratory procedures for preparing samples meet future 
prototype condition. Primarily, this requirés the adjustment the soil 
sample moisture content anticipated maximum some future time. 
recognized that other factors, such thixotropic set, molding moisture 
content, method compaction, and future density changes, also will influence 
the future strength soil. Mr. Krynine states his discussion, the 
accumulation moisture under pavements probably the most controversial 
subject pavement design. Mr. Turnbull states paper No. that the 
use the 4-day soaking period results pavements which are conservatively 
designed until the design moisture content reached. could established 
that the moisture content given location always would less than that 
obtained the 4-day soaking procedure, substantial saving could made 
the thickness. The accumulation moisture under pavements, therefore, 
not only controversial point but also one vital interest. Mr. Krynine’s 
comments this subject present typical cross section the available infor- 
mation and observations the accumulation moisture under subgrades. 

The Corps Engineers recognized this lack positive information and 
1944 established study the accumulation moisture under airfield 
pavements. Sites were selected New Mexico, Texas, and the 
sippi Valley. These areas represent rainfall regions less than in., 
in., and more than respectively. Sites were selected each region 
give range subgrade materials. Moisture content readings were made 
the center the runway, between the edge and the center, the edge, and 
out the shoulder each site. addition, readings were made near 
artificial crack cut the pavement. plaster-of-Paris moisture 
cells were installed the sites New Mexico, but did not prove satisfactory. 
All moisture values have been based direct sampling. Initial observations 
were made the fields New Mexico October, 1945. July, 1946, these 
fields were sampled and initial measurements were made the fields Texas 
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Lise Average annual 
rainfall pets ] 
Type limit limit index 
| 
Less Than 15 In.— 
2 Kirtland, N. Mex....... Sand caliche 17 to 20 14 to 15 3to 5 15 
3 Santa Fe, N. Mex....... Caliche gravel 26 to 29 15 to 17 11 to 12 3 
15 In. to 35 In.— 
4 Bergstrom, Tex......... Crushed stone NP to 18 eae NPto 1 2 
5 Goodfellow, Tex........ Caliche 27 to 29 18 9 to ll 2 
More Than 35 In.— 
5 | Memphis, Tenn........ Clay gravel (GC)¢ 22 to 31 11 to 15 9 to 16 3to5 
TABLE 14.—(Continued) 
base 
Line course 
(in. Liquid Plastic Plasticity Base Surface 
Class limit limit index course subgrade 
(10) (11) (12) (13) (14) 
1 | 12 CL 22 to 28 14 to 15 8 to 13 8.5 to 12.2 9.0 to 12.7 
2 9 SM to SC] 18 to 21 14 to 16 4to 7 25to 6.7 6.8 to 11.0 
8.5 Cc 27 to 34 17 to 24 10 to 12 3.4to 5.1 | 1140175 
(15 In. 
5 16 CH 55 to 60 23 to 28 32 to 34 9.6 to 13.9 | 20.4 to 23.6 
( . ) 10 8C 27 to 28 14 to 15 10 to 12 | 11.9 to 18.3 | 11.1 to 14.0 
>35 In.)— 
8 | 8 to 14 prem, 40 to 45 23 to 24 16 to 22 5.0 to 8.8 | 16.2 to 23.2 
TABLE 14.—(Continued) 
RANGE OF 
Cores . PERCENTAGE OF 
Cont'd) SATURATION VARIATION FROM VARIATION WITH 
At 12 in. to 
in. Base Subgrade Base Subgrade Base Subgrade 
subgrade 
(1) (iS) . (16) (17) (18) (19) (20) (21) 
(<15 In.)— 
1 8.9 to 12.2 | 70 to 100 | 70 to 100 Edge* Edge# Increase* | Increase* 
12.6 16.4 <50 <50 trend Edge trend 
5 19.0 to 23.6 | 75 to 100 | 75 to 100 Edge Edge Decrease? | Decrease’ 
n.)— 


Moisture content expressed percentage dry weight. Approximately the same the liquid limit. 
Transactions, ASCE, Vol. 113, 1948, 912, Table Moisture definitely higher the edge both 
the base and the subgrade. About two percentage points. Slight moderate. Slight. 
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and the Mississippi Valley. Subsequent sampling was accqmplished 
June, 1947, and November, 1948. stated Mr. Krynine, careful inter- 
pretation needed the investigations not cover the entire year; 
however, the sampling was not frequent desired because lack funds. 
anticipated that sampling will more frequent the future. These 
circumstances and the short period covered the readings limit the informa- 
tion that can obtained from the investigations the present time. Table 
includes information the base course and subgrade characteristics the 
several sites, together with the range moisture contents experienced 
There has been fairly consistent tendency for the moisture content 
higher the edges than the center the runways. The change with time 
has tended relatively minor except Clovis, Mex., where the moisture 
content has increased about two percentage points. should noted that 
the driest region two the sites, Kirtland and Santa Fe, Mex., have 
shown very low moisture contents compared the plastic limit. The range 
percentage saturation also has been low these two sites. The moisture 
contents Clovis have been fairly high even the sampling was done rela- 
tively dry season. the regions the moisture contents the bases 
and subgrades have been relatively high except where the material sandy. 

the result detailed study the data collected date from this 
project, together with analysis other available data, appears that there 
may systematic variation both moisture content and density under 
flexible pavements that may significant, especially since probably pro- 
duces changes the strength the subgrade. The scope the field moisture 
content investigation has been enlarged, therefore, include measurements 
density and CBR well moisture. 

Although the study moisture under pavements has not yielded definite 
information date, other data can studied obtain idea the relative 
merits the 4-day soaking procedure. Mr. Kersten asks specifically about the 
agreement between laboratory-soaked and in-place CBR values. This subject 
also controversial, with data available support both views. typical 
example, information from the asphalt-stability test section presented. 
complete description the test section given report published the 
Waterways Experiment This example used because more infor- 
mation available this particular subgrade than any other. The sub- 
grade lean, silty clay classified the Corps Engineers 
classification. Fig. shows the results the laboratory design CBR tests 
conducted accordance with method specified the Engineering 
(described paper No. 4). Incidentally, the tests shown Fig. were 
conducted 1944 during the design the test section. Optimum moisture 
and design density (95% modified AASHO (American Association State 
Highway Officials) specifications) for this soil are 15% and 108 per ft, 
respectively. The soaked CBR for this case, indicated Fig. 42, would 
about 18%. actual construction, however, range values would occur. 


the Design and Control Asphalt Paving Technical Memorandum No. 
3-264, Waterways Experiment Station, Vicksburg, Miss., May, 1948. 
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ORY DENSITY 
All specimens compacted with 10 !b 


Specimens soaked from top and 
Specimens showed no swell! during 


bottom. Surcharge 30 Ibs soaking and 


FIGURE BESIDE CURVE 1S MOLDED 
penetration. 


MOLDING WATER CONTENT 
PERCENT DRY WEIGHT 
WATER CONTENT 


MOLDED DRY DENSITY LBS PER 
DENSITY CBR 


MOLDING WATER CONTENT 
DENSITY AND CBR 


WATER, CONTENT IN PERCENT ORY WEIGHT 
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the particular case this subgrade, tests made the fall 1944 immediately 
after construction fifteen locations (three more tests being made each 
location) showed average moisture content 16.1% and density 106 
per ft. Ranges about moisture content and about per 
density occurred. The soaked CBR values for all the combinations 
moisture and density conditions the fifteen locations would range between 
10% and 20%; and, may determined from Fig. 41, the soaked CBR 
value for the average location (16.1% moisture and 106 per density) 
would 15%. The value use design would matter judgment. 
the designer were familiar with the soil and certain that construction would 
adequate, the average probably would the best design value. Under less 
favorable circumstances, the designer might lean toward the lower values. 
The actual design the asphalt test section was based subgrade CBR 
20%, because was considered that traffic testing would completed before 
the subgrade accumulated any appreciable amount moisture. 

continue with the history the subgrade conditions: The in-place CBR 
the subgrade the fifteen locations tested the fall 1944 was 28%, which 
well above the range for the soaked values. Tests made fifty-three loca- 
tions the summers 1945 and 1946, during and immediately after traffie 
testing, showed average CBR 32%. Moisture content averaged 16.6%, 
and the density showed some increase from the effect traffic with values 
ranging 112 per ft. Between 1946 and 1949 the test section has 


been subjected incidental 
traffic cars, trucks, and TABLE Tests 


rubber-tired construction equip- 


ment. Maintenance drain- 


age has been fair; but the sur- Section Density 
facing over the earth island 17.3 112.4 
between the two tracks the 

several locations. the 16.0 107.4 


mer 1949, in-place CBR 
preparation for additional traffic 
tests, with results shown Table 15. CBR value the average 
three tests. can noted that five cases the in-place CBR values are 
within the range predicted the laboratory tests samples subjected 
the 4-day soaking test. the other five cases, the in-place CBR above the 
range predicted the tests soaked samples. The variation moisture 
content generally consistent with the range CBR; and, where the moisture 
content has increased, the CBR The percentage saturation 
these cases also high. 

Two features connection with the subgrade the asphalt stability test 
appear worthy note. The first that the CBR value constructed 
was well above the design based the soaked test, and the CBR remained 
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high for period about years. Since that time, appears that the moisture 
content has increased some locations, and the CBR values now are approach- 
ing those based the soaked CBR test. other locations the moisture has 
not changed appreciably, and the CBR value still high. Intermediate condi- 
tions also were found. The other feature that should noted that all 
cases range values occurred and instance was possible state 
precisely that the CBR was certain value. should recognized 
that the design procedure compacting and soaking samples yields CBR 
value that represents considered estimate the conditions that may occur 
rather than precise value. true that design method (as presented 
paper No. results single CBR value. Method will result curves 
similar Fig. from which CBR values can determined from the range 
estimated conditions. 

Specific instances also can cited show where the in-place CBR value 
has fallen well below that predicted the tests soaked samples, but these 
cases have been associated generally with pavements that are considerably 
underdesigned and have been subjected large deflections. general, the 
over-all picture indicates that in-place values obtained date have been 
slightly moderately higher than those based laboratory-soaked samples. 
The pattern the points shown Fig. for airfield pavements illustrates this 
trend. All the pavements represented Fig. were designed for specific 
wheel loads and CBR values (based soaked samples). the in-place 
value had equaled the design value, each point would fall its respective 
design curve. There definite tendency for the satisfactory points plot 
the right their respective design curves, which indicates that the in-place 
CBR value was higher than the design value the time sampling. The 
time between construction and sampling generally was the range from 
year years, and complete adjustment moisture content may not 
have occurred; therefore, the weight that should attached analysis 
this type matter judgment. The fact that in-place values may 
higher than the laboratory-soaked values certain instances has been recog- 
nized the Corps Engineers. Reductions thickness are permitted 
the drier regions where drainage conditions are good. Evaluations existing 
airfields are based in-place values where the pavements have been place 
for fairly long periods, and there adequate reason believe that the in-place 
value about low ever will be. 

Summarizing, desired stress that any conservatism which exists 
the CBR design procedure not result the design curves that are based 
in-place values, the thicknesses indicated the curves are not excessive 
for the volume traffic anticipated military airfields. For substantially 
smaller volumes traffic, lesser thicknesses may satisfactory. realized, 
frankly admitted Mr. Turnbull paper No. 11, that the laboratory 
procedure compacting samples and subjecting them 4-day soaking test 
may not duplicate the final prototype condition and may conservative. 
noted, this matter concern and being studied. Present knowledge, 
however, does not permit satisfactory predictions for cases where the in-place 
value will higher than the soaked value except the drier regions where 
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drainage good. These features are not peculiar the CBR test. 
known definitely that the strength subgrades changes after construction and 
any satisfactory design must based the weakest condition that will occur, 
even the pavement may overdesigned for part its life. 

From the statements made several the discussions, there appears 
some difference opinion just what the CBR test measures. Positive 
proof the specific factors measured the CBR test cannot given; how- 
ever, indication can obtained inference. paper No. was 
pointed out that the trends obtained with the CBR test also were found with 
the triaxial test low percentage strain used the triaxial test. These 
results were obtained both sands and clayey soils. the very nature 
the the CBR measure the resistance the penetration the piston. 
other words, deformation must occur accommodate the piston. This 
deformation can either consolidation plastic movement. has been 
found that, when consolidation occurs, upward swing usually occurs the 
load-deformation curve. practice, this effect the consolidation removed 
correcting the curve straight line. The test not used the Corps 
Engineers design against future settlement (consolidation), this feature 
provided for specifying compaction during construction degree which 
will prevent future settlement. Therefore, considered that the resistance 
obtained the CBR test index strength due resistance shear 
deformation plastic flow. 

Commander Tyrrell and Mr. Palmer question the use values 1,000 
per in. and 1,500 per in. crushed The use these 
values merely device bring the readings into the range from 100, 
representing material with strength and 100 representing highly satis- 
factory material. The device not new. The Public Roads Administra- 
tion classification system rating soils from general order 
decreasing satisfactoriness well known. similar scheme has been used 
Hveem, Assoc. ASCE, connection with readings. 
should noted, however, that the CBR procedure could used without 
this device with the arbitary selection either penetration 0.2-in. 
penetration. Such change would produce very little difference the pro- 
cedures, the CBR values 0.1 in. and 0.2 in. are generally good agree- 
ment. For this reason considered that the referencing the CBR values 
has very little effect the procedure. 

the studies the CBR method conducted the Flexible Pavement 
Laboratory, has been noted many instances that the plastic soils seem 
different category from the other soils. the design curves are 
plotted Fig. 36, the curves are family parallel lines CBR value 
about 15. The curves for values higher than about are not parallel lines, 
thus indicating difference characteristics. The important point that, 
even the soils show different characteristics, the CBR procedure 
with the penetration test and the design curves automatically accepts and 
compensates for this difference. Recent experience with high-quality base 
courses subjected traffic with high-pressure tires has strengthened the belief 
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that the CBR can correlated with experience even above the presently 
used range CBR values. summation this point, considered that, 
even plastic and nonplastic soils appear different, the index measured 
the CBR test the particular strength effective resisting shear deforma- 
tion under repetitive application airplane wheel loads. 

With respect some the specific questions, the following statements are 
presented. 

Commander Tyrrell and Mr. Palmer criticize the CBR design procedure 
because variation various materials has 
been ruled out. This decision was made matter engineering judgment, 


Combined Thickness in Inches of Pavement and Base 
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Fie. 43.—Cauirornta Beartne Ratio Design Curves For Taxiways, APRONS, AND 


because information was not available (and still not available) permit 
satisfactory different materials. not fault the CBR 
procedure, however, for soon reasonable variations can proved and 
agreed they can included the CBR method assigning the thickness 
indicated the design curves specific material and requiring adjustments 
upward downward for materials varying stress-distributing characteristics. 

Both Messrs. Feld and Valle-Rodas include statements inferring that the 
CBR test conducted statically compacted samples. The original Cali- 
fornia procedure was based static compaction, but desired emphasize 
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that the procedures recommended the Corps Engineers are based 
samples compacted dynamically. 

Mr. Feld questions the the pressure cells Marietta, Ga. Ap- 
parently has misinterpreted these data that the values shown are not 
elevations, but, noted Col. Table the values are for Depth Pres- 
sure Cell Below before and after testing. all cases except one the 
depth cell was less after testing than before testing, which simply indicates 
consolidation the material above the cell, possibly coupled with slight shear 
deformations causing small lateral movements soil from beneath the traffic 
lanes adjacent areas. This occurrence appears logical and would 
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California Bearing Ratio 


have been much more difficult explain had the depth been greater after 
testing than before testing, happened slight degree the one exception 
noted. the one case where cell depth was greater after testing than before 
testing, not known whether there was error measurement the 
elevations whether shearing displacements the shallow depth this cell 
caused this phenomenon; believed that the latter were the probable cause 
this nonconformity. 

regard Mr. Feld’s question whether decrease CBR denotes 
shear failure, analyzing the results shear deformation was determined 


i- 
e 
e 
3 4 5 7 10 15 20 30 40 60 80 


588 McFADDEN AL. FLEXIBLE PAVEMENTS 


study the cracking the pavement, the rate permanent deformation, 
the variation deflection with coverages, and the relative position the 
surface the subgrade before and after traffic. Upheaval the subgrade 
outside the traffic lane definite indication shear deformation, and this 
feature was present most instances where the pavements were classed 
Marietta. reduction.in CBR for remolded material subjected 
traffic immediately after construction, the case Marietta, evidence 
that the stresses induced are sufficient produce compaction, coupled with 
material sufficiently saturated that hydrostatic excess pressure produced 
the pore water. Whether shear deformation would occur depends the 
degree overload, rate drainage, and possibly other factors. 

preparing the closure, attention was directed the fact that the present 
design curves are not presented the Symposium except the analysis 
Fig. 29. Subsequent the preparation the Symposium, data from Stockton 
(Calif.) test section No. have become available and reanalysis the curves 
has been made. Fig. presents curves which are being prepared for use 
the Corps Engineers for construction the United States. These curves are 
very similar those used previously the Corps Engineers, except that 
the thicknesses have been increased slightly for the intermediate wheel loads 
(40,000 and 70,000 the lower CBR values recommended paper 
No.9. Also result recent study, believed that the curves previously 
used for runway design are applicable the design taxiways, aprons, and 
ends runways; therefore, the curves shown Fig. correspond these 
runway curves. For the interior the runway reduction thickness ap- 
proximately 10% recommended. Below CBR value about 15% the 
curves shown Fig. can expressed the formula presented Mr. 
Fergus, which VP, with constant for each CBR value. Values 
for are close agreement with the averages shown Table 12. Above 
CBR values about 20%, the shapes the curves are such that the family 
cannot expressed simple formula. considered that these curves 
are valid for tire pressures 100 per in. 

Studies made the Flexible Pavement Laboratory subsequent the 
preparation the Symposium have resulted theoretical method ad- 
justing the curves higher tire pressures. For any given CBR value the 
thickness for given load high-pressure tires has been increased that the 
maximum shearing stress induced the subgrade directly under the center 
the load would not any greater than that for the corresponding load 
tire. Fig. shows the curves obtained this adjustment 
for contact pressures 200 The method considered reasonably 
satisfactory for the lower CBR values (below about 15%) where substantial 
thicknesses are involved because the stress patterns the subgrade level 
for the two cases are sufficiently similar permit the assumption that the 
behavior will practically equal the maximum shearing stresses induced 
the subgrade are equal. shallow depths, the stress patterns are dissimilar, 
and this method not considered satisfactory. The relationships shown 
Fig. for CBR values above about 15% are based judgment tempered 
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with limited data from accelerated traffic tests made with high-pressure tires. 
The curves Fig. should considered tentative pending the results 
tests currently progress. 

The writers wish express their appreciation for the interest shown the 
discussers. Those the writers who still are connected with the engineering 
investigational program conducted the Corps Engineers especially wish 
express their appreciation the criticisms and suggestions, these will 
helpful planning and conducting future investigations. 
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Paper No. 2407 


LIGHT-WEIGHT PUMICE CONCRETE 


Pumice has been used aggregate concrete give light weight, 
thermal insulating value, and certain other characteristics not usually associated 
with hard rock concrete. The experience the United States Navy In- 
yokern, Calif., has confirmed the fact that pumice concrete can mixed and 
placed like any other concrete except that presaturation the pumice re- 
quired and care must exercised not overvibrate the mixture. The 
strength pumice concrete controlled the volume cement used per 
cubic yard. Generally, one additional sack cement required per cubic yard 
obtain the same strength hard rock concrete. 

the west coast where pumice deposits are prevalent, the cost light- 
weight concrete more than the cost hard rock concrete. Because its 
light weight and insulating qualities has been found feasible and economical 
ship pumice far 300 miles for use building construction. 

Pumice concrete has low modulus elasticity, which influences the design 
reinforced members. Considerable saving materials results when correctly 
designed structures pumice concrete are used earthquake-proof structures. 
Field tests buildings made pumice concrete have verified laboratory 
findings. 

This material weighs about one half much conventional concrete, can 
designed for strengths 3,500 per in., has low heat conductivity, 
and nailable about the same degree certain woods. will not spall 
under influence direct flames and has sound absorption values which can 
controlled the type surface finish that used. Caution indicated when 
using this concrete structures subject abrasion erosion. 


INTRODUCTION 
The use pumice concrete for building construction California and 
Mexico not new; but, because its recent acceptance and widespread use 
the United States Army, the United States Navy, and private structural 


June, 1949, Proceedings. Positions and titles given are those effect when 
the paper or discussion was receivéd for publication. 


1 Engr., International Eng. Co., San Francisco, Calif. 
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engineers important multistory buildings, well review the character- 
istics this material. rare opportunity afforded experience the 
$6,500,000 Michelson Research Laboratory built for the Navy In- 
yokern. During the construction the was found that coarse 
aggregate local pumice and fine aggregate sand would produce workable 
concrete having the required strength 2,800 per in. and would weigh 
only 110 per ft. The thermal qualities this material insulator 
against desert heat were superior those hard rock concrete and there 
appeared reduction noise reverberations rooms whose walls and 
ceilings were composed pumice concrete because the numerous, minute air 
holes the surface. 

Pumice igneous rock, white gray color, formed prehistoric time 
the extravasation water vapor from molten lava. This highly vesicular 
glass, produced the inclusion air bubbles the magma during consolida- 
tion, will float fresh water. The specific gravity ranges from 1.12 1.60 but 
flotation occurs because the many channels are sealed, preventing the water 
from entering. From one half two thirds the volume pumice rock 
pore space. The hardness ranges from 4.0 5.0 the Moh scale hard- 
ness, making pumice about hard fluorspar feldspar. 

Anywhere the vicinity one can expect find pumice. Many 
western states have large deposits but the midwest and east there are 
and there pumice. Pure, large deposits that are free from clays, 
ash, and dust, and have the strength, particle size, shape, and proper 
strength-weight ratio for concrete aggregates are relatively hard find. Such 
deposits occur the Coso Mountain Range about miles north Inyokern 
and about miles from the borderline Death Valley National Monument 
California. These deposits are ideally situated that daily truck shipments 
hundreds yards are made Los Angeles, Calif., and its vicinity, each load 
identical with the preceding load, and each load meeting the standards set 
the purchaser. 

The Navy has specified pumice aggregate for concrete poured many 
the buildings constructed the Ordnance Testing Station Inyokern. The 
requirements are that: Pumice must have minimum hardness 4.0 the 
Moh scale; must have specific gravity 1.17 less; must free clay 
other deleterious must not disintegrate water; and must have 
the following gradation (percentage passing, weight) 


Sieve size Fines Coarse 
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Materials for concrete houses have been taken from pits Bishop, Calif. 
Tests combined coarse and fine aggregate showed specific gravity 1.62 
and weight, came from the mine, 53.2 per ft. The dry, loose 
weight per cubic foot was less. Chemical analysis showed the following 
constituents (in percentages) 


Sieve analysis this mine run pumice showed large percentage fines: 

Sieve size Percentage passing 


PROPORTIONING CONCRETE 


Using pumice aggregates pumice coarse aggregate and clean sand, 
possible make light-weight structural concrete having 28-day crushing 
strengths ranging from 1,000 per in. 3,500 per in. varying the 
proportion cement added the mix. illustration, the mixtures shown 
Table were used for three characteristic strengths concrete. The weights 
are based saturated and surface dry materials. Pumice coarse aggregate 
usually sprayed with water for hours prior mixing until has absorbed 
33% its dry weight water. 

Fig. shows the age-strength relationship several pumice concrete mixes 
including the three shown Table Tests were made the Naval 
Testing Laboratory Inyokern. common with hard rock concrete the 
ultimate strength pumice concrete increases with age. Test results 
old cylinders are not available; but, judging from the difficulty driving nails 
old pumice concrete walls compared with the ease with which this same 
operation can performed the age days, assumed that the gain 
strength equal that conventional concrete. 

Table gives mixes for pumice concrete based desired 
strength. assumed that the pumice conforms generally the standards 
adopted the Naval Ordnance Test Station Inyokern. 
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Experience with admixture has shown that, although 
increases the workability harsh mix, does not have much effect the 
ultimate strength. the Pozzolith added dry form, difficult 
control, and has been known retard the setting concrete such extent 


FoR CHARACTERISTIC STRENGTHS 


(Quantities Are Pounds per Cubic Yard Concrete) 


Srrenetas (Pocunps per Square INcH) 


Material Specific gravity 

1,700 2,800 3,200 
occ 1.57 868 532 
1.12 670 682 690 
Portland cement...............+-008. 3.1 564 658 658 
Admixture (Pozzolith)................ 4.2 4.2 
‘ana (42) (36) (44) 


that formwork could not safely removed even days after pouring. the 
Pozzolith added solution water, much greater dispersion obtained 
throughout the mix; and, the addition the Pozzolith accompanied 
reduction the total water, thereby decreasing the water-cement ratio, the 
strength 28-day-old cylinders will increased about 20%. However, the 
same workability and increased strength can obtained for the same cost 
increasing the cement content and presaturating the coarse aggregate. 


TABLE FOR CONSTRUCTION 


APPROXIMATE WEIGHTS OF SATURATED 


Estimated 28- Dry 


Weight day compres- |Cement factor Maximum per Cusic YARD) 
(pounds per sive strength (sacks per 
cubic foot) (pounds per cubic yard®) 
(1) (2) (3) (4) (6) (7) 
1,500 5.5 6.0 898 697 
2,000 6.5 6.0 875 650 
2,500 7.0 7.0 463 512 663 
110 3,000 7.2 1,471 682 
100 3,500 8.0 482 532 690 


* Number of 94-lb sacks of cement per cubic yard of concrete freshly mixed. ® Maximum gallons of 
water per 94-lb sack of cement. ¢ Saturated to 30% moisture content. 


commercial laboratory (Smith-Emery Company) made series tests 
pumice concrete with and without admixture. mixes were first 
studied decide the proportion water required produce slump. 
The same total volume mixing water was then used for samples with and 
without admixtures, thus keeping the yield and the cement factor the same for 
each design. the field, the same mix design used many comparative 
compression tests, without the use admixture. admixture that reduces 
the total water produce the same slump reduces the yield per sack cement 
increases the cement content per cubic yard, thereby showing higher per- 
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centage increase compressive strength with the use admixture. The 
laboratory control the design avoided this error. 

making the test specimens the natural sand and pumice aggregate were 
saturated fully and correction was made for free water. Thus, all mix designs 
are based saturated surface dry material, which experience has shown 


3,500 


3,000 


2,500 


Ultimate Compressive Strength, in Lb per Sq In 


1,000 


Age, Days Test 


Fic. Revationsuie ror Some Pumice Concrete Mixes 


the only proper procedure for using light-weight aggregate without trouble 
during placing. All materials were weighed and all batches were one-sack 
batches, mixed power mixer for min. 

accelerate the initial set pumice concrete prevent freezing before 
concrete has cured sufficiently, some contractors have successfully used small 
percentage calcium chloride the mix. mix for 28-day specified 
strength 1,500 per in., contractors have used calcium chloride 
per yard concrete. This concrete was poured the wintertime when desert 
temperatures below freezing nearly every night. The addition caleium 
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chloride had appreciable effect the final strength the durability 
the concrete. 
MIXING AND PLACING 


There are some peculiarities about mixing and placing pumice concrete 
which were learned through experience placing thousands cubic yards 
yarious consistencies and strengths the material. Best results are obtained 
when the pumice soaked with water for hours before use—or until 
absorbs water 30% its dry weight. was also found advantageous 
increase the mixing time min, particularly the coarse aggregate had not 
been presaturated adequately. Mixing conventional, revolving drum-type 
mixer not satisfactory rotating paddle-type mixer. The latter 
machine produces homogeneous concrete less time and causes less wear and 
breakage the coarse aggregate than does the conventional mixer. 

External vibrating pumice concrete necessary force the material 
flow under openings wall forms. flat slabs, particularly pre-cast work, 
external vibration desirable produce consolidation, but care must 
exercised not overvibrate. pouring concrete houses the same 
both internal vibration and external vibration were required. More internal 
vibrators were needed for wall concrete placed below the window sills, but above 
these openings external vibration (and very little it) was used exclusively. 
Concrete was placed and vibrated with discretion, and certain sequence, 
painfully learned through experience, prevent aggregate from floating the 
top and eliminate honeycomb and voids the pour. 


Pumice concrete should cured the same manner hard rock concrete. 
The coal-tar pitch cutback sealing process for curing has been widely used the 
desert where water where surrounding work would damaged 
ponding spraying. some pre-cast work? initial curing was accomplished 
the forms covering with wet burlap bags. After hours the bags were 
removed from the forms and the concrete was sprayed with water. pre- 
casting slabs for concrete houses, contractor California cured the slabs 
steam tunnel for from hours hours and obtained equivalent the 
usual 7-day strength the combination high temperature 
170° and saturated atmosphere accelerated the hardening process. Even 
after removal from the steam tunnels the slabs continued gain strength 
beyond that unsteamed concrete. 


Cost Pumice CoNcRETE 


The cost pumice concrete dependent the distance between the de- 
posits and the point ultimate use the aggregate. For the favorable situa- 
tion that exists the Naval Ordnance Test Station Inyokern, the comparison 
between hard rock concrete and pumice concrete equal strength shows small 
saving cost materials favor the light-weight aggregate. 


gp, ashine-Built Desert Houses,” by A. E. Niederhoff, Western Construction News, September, 1947, 


Metropolitan Water District Southern California, History and First Annual Report,” Los 
Angeles, Calif., 1939, p. 180. 
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Based 1946 job prices aggregate delivered one contractor’s mixer 
Inyokern, for light-weight and conventional concrete having 28-day strengths 
2,800 per in., costs were shown Table Because the extra 


AND Harp 


| Pomice Concrete Harp Rock Concrere 
Material 


Quantity | Unit price Sum Quantity | Unit price Sum 


(a) AND CONVENTIONAL CONCRETE; INYOKERN, Cauir.; 28-Day StrReners, 2,800 
Pounps PER SQuARE Incu; 1946 Jos Prices 


Sand, cubic feet................ 9.039 $0.94 8.7 $0.905 


Portland cement, in sacks.......... 7 0.80 5.60 5.2 30 4.16 
Pumice, in cubic yards............. 0.352 3.59¢ 1.30 ae sake 
Admixture, pounds.............. 4.2 0.34 

Total, per cubic yard.......... 

(6) Prerasricarep Concrete House; Spscirigp CrusHinc StrRencTa; 
1,500 Pounps PER Square Incu; 1947 Prices 

Pumice fines, cubic 0.87 $3.00 $2.61 
Pumice coarse, in cubic y ards. 0.574 3.00 1.72 a ee Saete 
Portland cement, sacks. 0.80 4.80 4.2 $0.80 $3.36 
Sand, in cubic feet......... + oe a 14.5 0.12 1.73 

Total, per cubic yard.......... $9.13¢ $8.73¢ 

2.5% California state sales tax $3.81 


te = $0.104 per cu ft. Coarse hard aggregate, clas- 


sified a : rock, cost $0.81 per ton f.o.b. (free on board) Los Angeles, Calif., plus $1.94 transportation plus 
$0.06 federal tax on rail hauls, plus $0.50 per ton for stock piling at the batcher. ¢ Pumice aggregate cost 
$3.50 per cu yd, plus 2.5% sales tax delivered at Inyokern, or $3.59 per cu yd. 4 Pozzolith admixture, 
bought in quantities, cost $0.081 per lb. ¢ Total cost of dry ingredients at the mixer. 


care presaturating pumice, the extra mixing time, and the pains with which 
the batch must vibrated, the unit cost, the forms, probably amounts 
10% more than that hard rock concrete the same strength. pre- 
fabricated concrete house job made with pumice aggregate having specified 
crushing strength 1,500 per in., the cost dollars per cubic yard 
dry materials the batcher, 1947, given Table 

Merely comparing unit costs for conventional and for pumice concrete does 
not give true picture the relative economy the two materials when made 
into structural slabs, beams, and girders. Comparisons have been made 
the sizes slabs and beams support Because the smaller 
dead weight pumice concrete, and the lower modulus elasticity, was 
cheaper build the ten-story building Los Angeles for the Prudential 
Insurance Company this material. Foundation conditions and cost dictated 
the use pumice concrete the new telephone building also Los Angeles. 
The General Petroleum Building, ten-story structure Los Angeles, showed 
appreciable savings reinforcing and structural steel used and under pumice 
concrete floors. The sizes the foundations were reduced because the dead 
weight pumice concrete only two thirds that concrete. 
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has been shown that pumice concrete beam can carry 
greater live load than can hard rock concrete beam designed for the same 
bending moment because the smaller dead load. Additional advantages 
the pumice concrete beam were: Increased headroom because the beam was 
shallower, and saving 21% concrete. 

the design pumice concrete slabs there also possibility saving 
For the same bending moment and the same allowable unit 
stresses the pumice concrete slab requires effective depth steel only 80% 
that which was necessary for hard rock concrete. Slightly more steel was 
necessary for the shallower slab, but the live-load carrying capacity was greater 
because the dead weight pumice concrete was only 75% the dead weight 
conventional concrete. Considering the prevailing market price materials 
Los Angeles, multistory buildings with relatively poor foundation material 
can built pumice concrete for less than can buildings conventional 
concrete. 


THERMAL QUALITIES 


The thermal qualities pumice concrete have been adequately proved 
the Mojave Desert California. this subject Capt. Mathews has 
written 


“Because extremes desert temperatures and the necessity for air 
cooling all buildings during months the year, the thermal character- 
istics the roof and walls the houses are utmost importance. Opera- 
tional expense keeping poorly insulated building cool summer and 
warm winter could prohibitive and would continue unabated during 
the life the building. Accordingly, was specified that the conductivity 
factor for concrete should not greater than 1.95 BTU [British thermal 
per per in. thickness per hour per degree. one-sixth 
that hard rock concrete, four-tenths the conductivity cinder concrete, 
and half that Haydite concrete. Reference made Fig. which gives 
the insulating values various building materials. Similarly the thermal 
transmission coefficient factor for the 5-in. thick pumice concrete wall 
was specified not greater than 0.30. 


The Pittsburgh (Pa.) Testing Laboratory made thermal conductivity test 
determine the k-value for sample 2,500-lb concrete, with the following 


Thickness tested, average 2.049 
Density tested, pounds per cubic foot............. 
Hot plate temperature, degrees Fahrenheit........... 71.3 
Cold plate temperature, degrees Fahrenheit.......... 29.5 
Mean temperature, degrees Fahrenheit.............. 50.4 


The thermal conductivity expressed British thermal units per hour, 
per square foot, per thickness, per temperature. 


for Pumice-Concrete Beams,” Niederhoff, Engineering News-Record, September 18, 


7 “No h . . * * 
Aids Pumice-Concrete Slab Design,” Niederhoff, Civil Engineering, 


Pumice Concrete Houses,” Mathews, Journal, May, 1948, 800. 
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Light-weight concrete having much strength, and made one part 
cement eight parts pumice, had k-value 1.61. Apparently the more 
pumice used and the less sand and cement, the better the k-value. k-value 
1.92 has frequently been specified connection with concrete. 


Load, in Pounds per Square Inch 


0 0.005 0.010 0.015 0.020 0.025 0.030 
Compression, in Inches 


Fic. Curves ror Concrere 


The stress-strain diagrams obtained from measurements taken thirty-two 
cylinders, in. in., pumice concrete were curves throughout their 
length (see Fig. 2), indicating greater increase rate strain for increased 
stress. Tests were made the Naval Laboratory Inyokern during the 
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first quarter 1948. Loadings were applied relatively fast avoid plastic 
flow and eliminate permanent set; but, since pumice concrete more elas- 
tic than conventional concrete, there was considerable variation the observed 
modulus. 


Type concrete 


1,000 1,499 1,500 1,999 2,000 2,499 2,500 2,999 3,000 3,499 


The secant modulus elasticity was used and the slope straight line 
was obtained drawn from the origin through point the curve compres- 
sive stress 800 per was generally observed that the stronger the 
pumice concrete the higher would the modulus. Also, was found that the 
modulus elasticity increases with age. For purposes comparison, the 
recommendations the 1940 Joint Committee Reinforced Concrete 
are included together with the findings the Smith-Emery and 
Navy laboratories the moduli elasticity conventional and pumice con- 
crete. The values Table are based pumice aggregate having hard- 
ness from 4.0 5.0 the Moh scale and specific gravity ranging from 
1.12 For harder more dense pumice aggregate used concrete 
expected that the modulus elasticity would increase. 

Ordinary tables and design charts for the design reinforced concrete are 
not usable for design pumice concrete. the modulus elasticity rein- 


forcing steel 30,000,000 per in., then the ratio (called reinforced 


concrete design parlance) ranges from for concrete for 
pumice concrete. Table indicates n-values twice those conven- 
tional concrete equivalent ultimate strength. 


RESULTS 


The Smith-Emery Company made many tests pumice concrete, some 
which are interest the builder and others which are primarily interest 
pumice concrete designers. The test summary given Table based 
several specimens made with sand, pumice fines, and pumice coarse aggregate. 
Test had concrete the same mixture and consistency test except that 
Pozzolith was added and other ingredients were varied obtain 4.25-in. 
slump. 


Enlightening field tests pumice concrete structures have been made from 


time time. well known that fire conventional concrete building 
will cause aggregate pop, and then the concrete will spall and crack. Exten- 


Standard Specifications for Concrete and Reinforced Concrete,” 
ceedings, ASCE, June, 1940, 


Conventional......... 

830,000 1,000,000 1,250,000 1,500,000 
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sive spalling may expose reinforcing steel, which, when damaged fire, makes 
the entire structure unfit for occupancy. Pumice concrete, the other hand, 
will not spall. can heated fusion and will not crack explode. Early 
1940 pumice concrete building was soaked with gasoline and waste, ignited, 
and allowed When the fire had burned out, the building was inspected 
and the only evidence the fire was smoke stain the walls and ceiling. The 


TABLE 


Weicut (Pounps 
vER Cusic Foor) 


Water-ce- | Modul 
ment ratio; Modulus of 
No. cubic yard | ¢ (inches) ity tion (pounds per 
per sack) Dry inch) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
1 7.0 7.0 None 4.25 Good None 99.5 91.75 1,296,440 
7.0 6.25 Pozzolith 4.25 Excellent None 99.0 99.4 1,529,799 


experiment was repeated except that after the fire was well started the second 
time was put out water from fire hoses. Inspection the building again 
showed structural damage. 

rainy climates where buildings have pumice concrete exterior walls and 
roofs, they can waterproofed ordinary methods with any one dozen 
more commercial products the market. Smooth exterior walls have been 
pleasingly waterproofed three coats colored, unthinned paint consisting 
vinyl resins, pigments, and solvents. Pumice concrete roof decks coated with 
fiberized asphalt emulsions are inexpensive and effectively waterproofed. 

The capability pumice concrete members accept internal strain without 
structural damage demonstrated every time carpenters drive nails into 
pumice concrete. common practice scab 2-in. 4-in. pieces lumber 
onto pumice concrete walls nailing with 16-penny nails. Many concrete 
buildings have the baseboard and moldings nailed with finishing nails. 
least one motel, recently constructed with pre-cast pumice concrete roof slabs 
in. thick, had the roof nailed through the supporting rafters below. 
actual test with pumice concrete slabs 1.5 in. thick was found that 16-penny 
nails could driven through them into wood supports below without cracking 
the unreinforced concrete. Nails had kept least in. from the edge 
the thin slab. 

The holding power nails pumice concrete almost good that 
nails driven wood. fastening pipes air ducts hangers ceiling 
wall there large saving time merely nailing the hangers place. 


Laboratory and field tests and job experience involving thousands cubic 
yards reinforced pumice concrete warrant the following conclusions with 
respect this material: 


— 
— 
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Pumice concrete varies weight from 110 per ft, dependent, 
some extent, the specified strength. about one half two thirds the 
weight sand and gravel concrete. The light weight reduces the dead weight 
structures and there marked saving reinforcing steel stories 
can added existing buildings where footings are designed for specified dead 
During construction, the formwork for light-weight concrete not 


Tests Pumice CONCRETE 


PER INcH 


Bleeding 
J Bond Strengths (Pull Out) Shrinkage Absorption} (pounds of 
Ultimate Compressive ; (total (percent- water per Test 

Three Cylinders) inch) concrete) 


rupture Horizontal 


Vertical 
days days Bottom Top 
(10) (11) (12) (13) (14) (15) (16) (17) 


418.9 1,345 2,565 403.9 418.7 297.0 0.00061 11.1 
425.2 1,953 3,278 461.6 537.8 350.9 0.00060 7.10 


required strong that used for conventional concrete, resulting 
lower initial cost for the building. Where earthquake considerations are vital, 
the low dead weight the structure and, consequently, the reduced horizontal 
forces taken care design, are exceedingly advantageous. placing 
pre-cast units hand, the light-weight pumice concrete saves time, energy, 
equipment, and money. 

Strength pumice concrete can varied suit design conditions within 
practical limits from 1,000 per in. 3,500 per in. Many inéxpensive 
mixes have been designed specified strengths and many data are available 
aid the engineer predetermination pumice concrete mix and cost. 

Pumice concrete has low heat conductivity that puts the same 
category with some the best insulating materials. This property inherent 
and, when combined with light weight and good structural strength, makes wall 
construction with pumice concrete less expensive than that with other materials 
that must have applied insulation. Because the poor heat conductivity 
pumice concrete there little condensation, allowing large savings building 
construction because furred walls are not necessary. Air conditioning 
pumice concrete buildings facilitated proved houses constructed the 
Mojave Desert. For walk-in refrigerators, pumice concrete floors, walls, and 
roofs have been specified without further applied insulation, thus lessening the 
initial cost construction 

Nails can driven into pumice concrete that they have holding 
power almost equal that wood. This fact combined with experience 
sawing thin slabs lean pumice concrete presents definite advantages over 
ordinary concrete construction. The low modulus elasticity allows this 
internal strain without catastrophic structural damage. concrete masonry 
and pre-cast units the low modulus elasticity decreases breakage during pro- 
duction, transportation, stock piling, and final placement. Expansion and 


} 
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j 
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contraction, vibration, concussion, and earthquake strains are ameliorated 
this relatively inelastic material. 

Tests have shown that pumice concrete can heated fusion (about 
2,400° without spalling cracking (see Fig. 3). Sudden quenching hot 
concrete cold water produces cracks and the structural integrity pumice 
buildings remains practically unchanged even after 4-hour fire (see 
Fig. 4). Welding steel reinforcement together right top pumice con- 
slab has not spalled the concrete. fact, pumice concrete has been used 
successfully backup for boiler and firebox installations. 

The quality the mix and surface texture pumice concrete determines 
the absorption sound waves. this respect differs from conventional 
concrete building construction where other methods are necessary reduce 
noise reverberations. lean pumice concrete with finish will 
absorb 50% sound. This advantage useful not only small homes, 
but auditoriums, theaters, and factories, where sound controlled only 
expensive processes for conventional concrete structures. Values sound 
transmission are decreased from eight decibels twelve decibels. 

All the equipment used for mixing, hauling, and placing light-weight 
pumice concrete less heavily loaded than when the same operations are per- 
formed with sand and gravel concrete. Monetary savings are immediately 
reflected more efficient labor, less time involved doing job, and less wear 
and tear. 

Pumice concrete offers wide selection textures finishes ranging from 
“popcorn” smooth “sack” finish. The labor involved obtaining 
any particular finish costs more than does that required for conventional 
concrete finishing. 

Except for presaturation coarse aggregate, longer mixing time, and 
discretion the use vibrator when placing, pumice concrete handled the 
same conventional concrete. 

10. Wearing surfaces should not made pumice concrete. Light-weight 
concrete floor slabs multistory office buildings are usually covered with as- 
phalt tile other surfaces. this case full advantage can taken 
the light-weight material. 
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DISCUSSION 


Jun. ASCE.—Tests pumice concrete the Bureau 
United States Department the Interior, published April, 
1949, indicate that drying shrinkage such magnitude warrant careful 
consideration. High shrinkage values are reported, one case almost four 
times the amount cited Mr. Niederhoff. This sharp disagreement test 
results perhaps explained dissimilar curing conditions, but more probably 
derives from difference the age the specimens when the shrinkage 
reading was obtained. 

This points out common failing test reports that listing the condi- 
tions under which the results were obtained often missing from the report 
itself. this instance, the curing conditions and the age the specimen, both 
which have important bearing the shrinkage, will the dark” 
until Mr. Niederhoff (it hoped) casts light that direction his closing 
discussion. 

more importance than “‘tying down” shrinkage coefficient the actual 
experience with drying shrinkage pumice concrete the completed job. 
There has been considerable discussion, pro and con, concerning the shrinkage 
behavior pumice concrete actual structures. Therefore, would ex- 
tremely beneficial Mr. Niederhoff, who doubt has had invaluable oppor- 
tunities for first-hand observation, were devote part his closing discussion 
this aspect. 

Engineers who propose use pumice concrete future buildings should 
made aware the limitations, any consequence, this material and 
the special precautions required its use. 


Assoc. ASCE.—It fortunate that research and 
experience described Mr. Niederhoff have focused attention pumice 
light-weight building aggregate. The days are passing when the small 
operator with broken-down truck could haul load what called pumice, 
untested and ungraded, and “palm off” satisfactory material. the 
present stage, however—the serious investigation the properties this 
material—there the possibility that research conducted prove some 
preconceived ideas rather than determine, the basic data 
required for honest design. 

New Mexico, where estimated that two fifths the nation’s source 
pumice found, there pumice and also there “pumice.” Generally, 
pumice found extinct volcanic areas under overburden much 
150 ft; but within these areas are encountered deposits various chemical 
analysis. For example, the compositions Table come from three deposits 
the same vicinity. physical characteristic pumice that requires 
special handling when being mixed. Its cellular structure, which causes 


Chf. Engr., Ellis Wing Taylor Archts. and Engrs., Los Angeles, Calif. 


Lightweight-Aggregate Concrete Designed for Monolithic Construction,” Walter 
Price and William Cordon, Journal, April, 1949, pp. 


Civ. Engr., Albuquerque, 
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float fresh water (although its specific gravity greater than unity), pro- 
duces tendency for the aggregate separate from the mix, unless the water 
content the aggregate prior designing the mix has been carefully 
determined. Presaturation will fill the pores the pumice aggregate 
ciently cause all particles approach the same specific gravity. Also, 
better curing the concrete 


will result when portion TABLE PuMICE 
the water hydration comes CHEMICAL CHARACTERISTICS 

from within. Contractors 

Albuquerque, Mex., have Element Valencia Jemez 
and the aggregate added 5.20 3.73 
later. Some difficulty has been 104.28 100.48 100.37 


encountered from those ex- 

perienced only working con- 

ventional concrete, because the tendency pumice concrete 
Troweling generally should delayed until slight set has been achieved. 


TABLE Data TENTATIVE MIXES 
Pumice 


in Pounps per Square INcH 


Description 
3,000 2,500 2,000 1,500 1,000 500 
Cement factor, sacks per cubic yard.............. 11.9 9.0 7.5 6.3 5.0 3.7 
Ratio, w/c, for a 4-in. slump, in gallons per sack. ... . 4.6 5.9 7.5 9.5 11.4 17.0 


Experience has shown that all-pumice mix limited about 3,200 
per in. because the structural limitations the aggregate. Conse- 
quently, design basis 2,000 per in. 2,500 per in. indicated, 
This may obtained with approximately seven sacks cement, with due 
regard the water-cement ratio. Table has been utilized Albuquerque 
for the design tentative mixes. 

noted Mr. Niederhoff, ordinary tables for the design reinforced 
concrete are not usable for the design pumice concrete because the values 
nare nearly twice those for ordinary aggregates. Table for pumice concrete 
based investigations involving aggregates from the vicinity Cochiti, 
Mex., but the data are applicable for other pumice materials similar 
chemical content and proper gradation. 

Acknowledgment.—In Table the data were supplied the Albuquerque 
Gravel Products Company and Table the Pumice Aggregate Sales 
Corporation, both Albuquerque. 
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TABLE Data Pumice 


Col. 1. f = specified compressive stress, in 1 


pounds per square inch; 
Col. unit weight wet pumice concrete 

mix, in pounds per cubic foot; Cols.8. jf =1 —3; 
Col. unit weight dry pumice concrete 

mix, pounds per cubic foot; Cols.9. 


reinforcement, pounds 


4 = modulus of elasticity, in pounds per 
square inch; Cole. 6 to 9. a= ty X (average value of j) 
Cols. 6. K for use in As 
ad 


(2) (3) (4) (5) (6) (7) (8) (9) (6) (7) (8) (9) 
250 | 73.0 53.0 113 81.1 18 | 0.364 | 0.879 | 0.0013 on’ Sind 
500 | 74.5 54.5 225 54.1 42 | 0.432 | 0.856 | 0.0030 ae sy 
1,000 | 77.5 57.5 450 38.7 97 | 0.521 0.826 | 0.0073 93 | 0.492 | 0.836 | 0.0062 
1,500 | 89.5 60.5 675 30.9 155 | 0.566 | 0.811 | 0.0119] 149 0.537 | 0.821 | 0.0101 
2,000 | 83.6 63.6 900 25.8 214 0.592 | 0.803 | 0.0167 | 206 | 0.563 | 0.812 | 0.0141 
2,500 | 87.0 67.0 1,125 22.1 273 | 0.608 | 0.797 | 0.0214 263 | 0.580 | 0.807 | 0.018! 
3,000 | 92.0 72.0 1,350 19.4 332 | 0.621 | 0.793 | 0.0262) 321 0.593 | 0.802 | 0.0222 
TABLE 8.—(Continued) 
(c) fe = 20,000;a = 1.6677 (d) fe = 22,000; a = 1.8337 (e) fe = 24,000; a = 2.000; 


1,500 138 0.487 0.838 133 0.465 0.845 0.0065 
2,500 246 0.531 0.823 238 0.509 0.830 0.0119 
3,000 300 0.543 0.819 0.167 291 0.522 0.826 0.0147 


Assoc. ASCE.—As with dense rock concrete, the best 
advantages pumice concrete become available only with proper laboratory 
control concrete production and placement. The laboratory control 
pumice concrete has been materially aided the formation the Pumice 
Producers Association which was established stabilize the quality and 
uniformity the pumice aggregates produced its members. making 
preliminary laboratory design mixes particular consideration should given 
the practical factors linear shrinkage and the cement content required 
for proper workability. 

Difficulties placement due the harshness the mix when low cement 
contents are used have been cited the author. The very successful use 
air entrainment improving the workability lean and intermediate mixes 
light-weight burned shale expanded slag concrete has been 


“4 Berkeley, Calit 


%**Properties of Some Lightweight-Aggregate Concrete With and Without Air-Entraining Admiz- 
ture,” Building Materials and Structures Report BMS 112, National Bureau Standards, Dept 
Commerce, Washington, D. C. 


WwW 
d 

(1) (6) (7) (sy (9) (6) (7) (8) (9) (6) (7) (8) (9) 
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This report would indicate that the workability pumice concrete may 
improved air entrainment that rich mixes are not required for maximum 
workability. The leaner mixes pumice concrete would improve the eco- 
nomics its use and also tend reduce the linear shrinkage provided 
for design. 

The author has referred several large buildings the Los Angeles 
(Calif.) area light-weight pumice concrete was used. Light-weight 
concrete was also used San Francisco, Calif., the addition the Matson 
Building, the Gas and Electric Company Annex Building, and the 
Standard Oil Company Annex Building. The use light-weight concrete 
these buildings has made possible very significant reductions the structural 
dead loads. Since the lateral force requirements for earthquake resistance, 
the local building code, are based stated fraction the total column loads 
for each story, this reduction dead load reduced the lateral forces 
provided for the design. The reduced dead load was also important con- 
nection with the foundation design. The engineers charge the foregoing 
projects selected commercial type expanded shale rather than pumice 
aggregates. This selection was made after extensive tests and studies and 
may have been influenced, some extent, the greater local experience the 
use haydite aggregate and the readily available local source supply. 

The 1949 adjustments the freight rate pumice aggregates San 
Francisco, together with improved technology the use pumice aggregates, 
may expected result increased interest pumice concrete 
engineers this area. 


interest light-weight pumice concrete. Although was realized that the 
use pumice confined the western states where deposits occur, was 
thought that engineers Los Angeles, Calif., would contribute more fully 
the discussion. Los Angeles and vicinity this material has probably been 
used more often than elsewhere, and the personnel concerned with design and 
construction have experienced the difficulties shrinkage. The problem 
shrinkage can solved, however, evidenced the expanding market for 
pumice and other rocks for concrete aggregates. 1950 news 
calls attention the exploitation 11,000,000 tons voleanic ash deposited 
the desert between Mojave and Lone Pine, Calif. The ash, like 
pumice, will used for concrete aggregates and for manufacturing building 
blocks. 

The account the laboratory tests that Mr. Karp contains the fol- 
lowing statement: 


“Tt has already been mentioned that the aggregates used these tests 
were batched room-dry state. This dry batching contrary the 
procedure saturating the aggregate before batching, 
some light-weight aggregate associations.” 


* Senior Engr., International Eng. Co., San Francisco, Calif. 
"Coming! The Ash Age,”” Engineering News-Record, February 16, 1950, p. 15. 
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was noticed the writer, when was employed the United States Navy 
Inyokern, Calif., that without presaturating the pumice 35% its dry 
weight, unpredictable and lower compressive strengths would result. Good 
evidence supports the belief that presaturation the pumice also reduces the 
amount shrinkage the concrete, obviates placing difficulties, and enhances 
the future permanence the finished concrete. 

The results the aforementioned laboratory tests and the conclusions 
drawn therefrom closely check the writer’s field experience where materials and 
conditions were comparable. The account states that the flexural strength 
light-weight concrete higher than that regular concrete the same com- 
pressive strength. Also, was stated that none the concretes made with 
light-weight aggregates showed distress the test specimens resulting from 
drying shrinkage. The wide difference the amount shrinkage recorded 
the tests conducted two different laboratories may due dissimilar curing, 
tests made different ages the specimens, or, more likely, the effect 
presaturating the aggregates the one case and mixing them “room-dry” 
condition the other case. 

The following data shrinkage are quoted from report commercial 
laboratory (Smith-Emery Company) for the enlightenment interested 
engineers. 


“Molds: The steel gang molds which used for the shrinkage specimens 
provided for 2x2-inch test specimen with 10-inch plus minus 0.1 inch 
effective gage length between the innermost points the }-inch reference 
pins. These reference pins were set that their principal axis coincided 
with the principal axis the test specimen, and extended into the specimen 
inch. 

Comparator: The changes the length the test specimens 


were measured length comparator, called for the ‘Method Test 
for Autoclave Expansion Portland Cement’ (ASTM 151-43). This 
instrument has been checked the Bureau Standards’ Cement Reference 
Laboratory. taking our readings, the instrument was checked frequently 
with the reference bar. 

specimens were made gang mold) from the same batch 
which the 6x12-inch compression cylinders were made. The original length 
readings the specimens were taken twenty-four hours after molding. The 
specimens were air dried temperature degrees plus minus 
two degrees. Readings were taken every twenty-four hours until the speci- 
mens were fourteen days old, after which the specimens were oven dried 
constant weight, air cooled degrees and the final reading taken 
[Table 9]. 

“The pumice lightweight aggregates should saturated before mixing 
because the control and other detrimental effects produced the high 
absorption lightweight aggregates. 

time general longer than with natural aggregates, and 
should determined the equipment used the job.” 


heartily agreed that the important element when dealing with light- 
weight concrete not the determination from laboratory 
samples, but the field behavior the material structures. Here the writer 
confronted with two sets seemingly opposed facts. monolithic con- 
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struction pumice concrete houses built the desert, numerous cracks ap- 
peared. The walls and roofs these houses were poured unit, without 
joints. contrast, where pumice concrete houses were built pre-cast slabs, 
steam cured central plant, and hauled the site for erection, practically 
appeared. the first case, provision was made for expansion and 
contraction the box-like residence. Curing consisted superficial painting 
the surfaces with coal-tar pitch cutback sealing material. The slab houses 


Age, | 
in days 
Test No. 1 | Test No. 2¢ Test No. 1 | Test No. 2¢ 


« Average of three specimens. © Total, or dry. 


had expansion joints and the slabs were inspected for cracks the central plant 
before shipment the site. Curing was done steam chamber for hours. 
Thus, the opposed facts cracking versus noncracking pumice concrete can 
rationalized all conditions are known and properly evaluated. Pumice 
concrete, more than hard-rock concrete, requires expansion joints and adequate 
curing cracks are prevented. The important point that they can 
prevented. 

The writer attempted apprize engineers the limitations light-weight 
pumice concrete when stated (under the heading, that 
could not stand abrasion, that required presaturation the aggregate, that 
needed longer mixing paddle-type mixer, and that demanded the skill 
experienced men the vibrators when placing. The one characteristic not 
emphasized the writer has been pointed out Mr. Karp. Pumice concrete, 
like some other light-weight concretes, shrinks. 

Mr. Hawke mentions that the harshness pumice concrete mix can 
ameliorated the use air-entraining agent. Several federal agencies 
have incorporated requirements for air entrainment their specifications for 
concrete. The beneficial results have received almost universal acclaim. 
laboratory tests light-weight aggregate concrete, reported concrete 
mixes containing air-entraining agent were made and compared with similar 
mixes without such agent. was found that the unit weight concrete was 
not increased air entrainment and that there was reduction strength. 
Workability was increased. 

Mr. Hawke also points out that the San Francisco area the local prefer- 
ence light-weight aggregate for commercial type expanded shale. 
the writer’s firm belief that the widest publicity should given all research 


Age, 
in days 
(1) (2) (3) (1) (2) (3) (1) (2) (3) 
0.00000 0.00000 0.00018 0.00013 0.00037 0.00033 
0.00003 0.00001 0.00023 0.00017 0.00039 0.00036 
0.00006 0.00003 0.00027 0.00022 0.00041 0.00039 
0.00010 0.00006 0.00031 0.00026 0.00043 0.00041 
0.00014 0.00009 0.00034 0.00030 0.00061 0.00060 
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light-weight aggregates, that the engineer may pick the most suitable and 
economical material for the job hand. 

Mr. Drummond’s contribution constants for use when designing rein- 
forced pumice concrete significant addition the discussion. realize 
the full benefits pumice concrete, good common sense recognize the 
implications the low modulus elasticity. Naturally, the engineer uses 
these constants, fully expects the same standards quality the pumice 
which these data were based. Several organizations have been formed estab- 
lish these qualities physically and chemically. These standards will eliminate 
many small prospectors who were not too careful about the claims they made 
for the material they had for sale. Mr. Drummond points out, disinterested 
and honest research competent investigators will clarify some the con- 
fusion which now exists about pumice light-weight concrete. 
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TRANSACTIONS 


Paper No. 2408 


CONTINUOUS ARCHES AND BENTS ANALYZED 
COLUMN ANALOGY 


Basically, the method column analogy, Hardy Cross, 
Hon. ASCE, 1930, applicable beams, arches, and bents not more 
than three redundant elements. This paper offers extension the method 
continuous beams, arches, and bents, provided that there are closed 

The procedure built around four broad steps; 


(a) Select one span (any span) time; 

(b) Consider all parts adjacent that span its elastic foundations; 

(c) Replace the elastic foundations (item substitute members with 
characteristics such that the transformed span equivalent span 
elastic foundations; and 

(d) Determine the elastic properties substitute members and proceed 
with the application the fundamental column analogy method. 


The ideas presented, clarified numerical examples, demonstrate that 
column analogy convenient tool for sketching influence lines. The writer 
concedes advance that there may better methods structural analysis 
for specific cases but offers the hope that, excluding extensive discussion 
such alternate methods, may possible the column analogy 
“tool” for use its particular fields application. 


INTRODUCTION 


its original the method column analogy introduced Pro- 
fessor Cross applicable only single-span arches and bents with not more 


Nore.—Published in February, 1949, Proceedings. Positions and titles given are those in effect when 
the paper or discussion was received for publication. 
Prof. Civ. Eng., Chiao-Tung Univ., Shanghai, China. 
Analogy,” Hardy Bulletin No. 215, Univ, Eng. Experiment Station, 


Frames Concrete,” Hardy Cross and Morgan, John Wiley 
Sons, Inc., New York, Y., 
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than three redundant elements; and the analogy lies mathematical 
identity between the moments produced continuity beam, bent, arch 
and the fiber stresses short column eccentrically loaded.”* this paper 
the writer explores the possibility extending the column analogy the 
analysis continuous arches bents. requested that discussion 
confined objective appraisal this effort. 


The extension not applicable frames with closed panels (Fig. 1), and 
therefore not intended replace the moment distribution method. 
expected, however, compare favorably with other methods the determina- 
tion influence lines for continuous arches bents. 

Notation.—The letter symbols adopted for use this paper are defined 
where necessary, the text illustration, and are assembled alphabetically 
for convenience reference the Appendix. 

Structural Formulas and following expressions are used 
without further definition this paper: 


Flexural rigidity 


First moments elastic area are 


and 
Second moments elastic area are 
2 
2 
and 


Sons, Inc., New York, N. Y., 1932, p. 4 


‘ 
(c) 
Fre. 
| 
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Expressions for horizontal and vertical reactions, and for moments, due 
“eontinuity,” respectively, are: For symmetrical structures— 


and 
and, for asymmetrical structures— 
M’, 
and 
(4c) 
which 
2 
and 


The final values total horizontal and vertical reactions, and moments are, 
respectively, 


and 


the bending moments the column analogy are taken posi- 
tive when they produce tension the bottom beam the inner 
side arch bent. Positive rotations are such would 
produced positive bending moments. 

“For horizontal forces, pull the abutments (tension girder 
bent) positive. 

“For vertical forces, use the customary convention for shear girders. 
(Positive shear the left, down the right.) 


Frames Concrete,” Hardy Cross and Morgan, John Wiley 
Sons, Inc., New York, N. Y., 1932, pp. 55-56. 
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“The correct signs for changes reaction are then automatically deter- 
mined the column analogy, and the correct values for the reactions follow 

“Positive displacements correspond positive forces. Positive bending 
moment positive force times positive distance (distance measured up, 
the right, from the force the section).” 


Tue MEMBER 


The beam, arch, bent Fig. 2(a) shown Fig. supported 
the right end the substitute member BB’. The characteristics this 
method are such that the two structures shown Fig. are equivalent far 


Fie. 2 


redundant elements (and therefore deflections) span are concerned, 
provided that external loads act span only. (In Fig. 2(a) column 
the “elastic foundation” ABDE. Similarly, the beam-and-column span 
BDE assumed supported point the “elastic ABC.) 


THE SUBSTITUTE MEMBER 


order that the substitute member BB’, Fig. 2(b), shall equivalent 
the elastic foundation BCDE (Fig. 2(a)), necessary (and sufficient) that 
the original members and the substitute member give the same deflections and 
rotations point when equal loads are applied point Member 
temporarily assumed cut point making the elastic foundation 
BCDE (or the substitute member BB’) independent member. This prin- 
ciple illustrated Fig. 


y! 


(a) 


The deflections the elastic foundation BCDE (Fig. 3(a)) joint caused 
unit influence loads that point can readily computed, making use 
the column analogy other methods. Similarly, possible write the 
corresponding deflections for the substitute member BB’. These deflections 
are given the most general form, Table Equating the corresponding 
deflections, lines and Table yield, respectively, 
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Load Line Elastic foundation Substitute member 
Fig. 3 at B (BCDE) (BB’) 
Horizontal 
d. 
Angular bz: 
d. 
Y=1 *(x’)2 ds 
d: 
Horizontal bez = - 7 
= d. 
ds 
Q Angular bee ET 
. 
and 


which elementary segment the substitute member, BB’, whose 
coordinates are referred joint the origin, and whose flexural 
the cross section). Dividing Eq. Eq. 7a, 


similar logic, dividing line Table line 
(8b) 


Eqs. and give the coordinates the centroid the elastic area 
the substitute member. 


The second moments referred the elastic center BB’ the centroid 
are 


<= 
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and 


from which 


Or 


using Eqs. 11, positive unit loads moments point act the 
directions sense shown Fig. The same directions sense assumed 
positive for deflections rotation, respectively. Then the final results will 
automatically give the correct algebraic signs, regardless the side the 
beam, arch, bent which the elastic foundation lies. 

not necessary (nor possible) know the flexural rigidity 
any particular section the substitute member; not necessary (nor 
possible) know even the location its axis. With the properties determined 


the formulas Table and Eqs. 11, the designer can proceed with 
the application the column analogy. 


EXAMPLE 


The frame shown Fig. solved Tables and which are self- 
explanatory anyone who has proper understanding the column analogy 
method. The tabulation and the notations 
follow those Mr. except that 
I,, and represent, respectively, 
I,, M,, and the Cross notation. These 
changes are made consistent with those 
commonly used textbooks engineering 
mechanics. 

Tables constitute the complete analysis 

moments, column analogy, the elastic 
foundation ABDC (which the same HFJK) 

when unit influence loads are applied joint Fig. can noted 
inspection Table that the analysis moments due the unit influence 
load unnecessary; but this has been included make the example 


616 
and 
1 y’ ds a y’ ds 5 by: (9c) 
ozy EI : El zy Sse ee 
Translating the axes from point the new origin Fig. 
, 
and 


- 
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0.38 gives check the correctness the analysis. Finally, the prop- 
erties the substitute member DD’ are computed formulas Table and 


Given Data 
Bar Elas- 

No. | (see tic First Second Moments 

a az | ay jaxt+iy| ay +iz jaxrytizn 

1 AB 20 | 20 | —15 0 1.0 —-15 0 | 225 33.33 0 


TABLE Loaps For Bent ABDC, 


i 
+30xi= +37 


+1X% 
Given Computed Given Computed Given Computed 
P z My, M: P z y My M:|P\ z \|y| My} Mz 
2 | BD | $+ 7.5] — 5 10} — 37.5 | +75) ..|....].. 
3 DC +10 +15 —3.33] +150 | —33.3] .... | ....]....] ----) 1 | +15) 0 +15 0 
5 z +10) ....] .... [4150 | —53.3] +37.5] ....] ....|—487.5 +15} 
10 150 53.3 37. 487.5 1 15 2 
6 i ——- - = = — 


Z=1 
Correction elastic centroid. 
LA 
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TABLE MOMENTS AND 
ABDC, 


(a) Moments, M = ms — mi 


w 


—4.62 
—4.62 
+5.38 


- 
coooco 


(6) Dervections at Jornt D, Fie. 4 


Horizontal bez = + 20.5 byz = 0 
Vertical bry = 0 byy = O jy = 0 


TABLE Loap anp ForMULA m;, Bent DEGF, 


Grven Data Propsrties Etastic Loap 


First Moments} Second Moments 


| +15.0| —1.67|+-10.0 | —25.0 | +150 


137.7 


area. See text (Example 1). respectively. and respectively. and Mz, respectively. 


(see Fig. 


1.52 
—12.86 
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Point 
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az? | ay*® | azy 
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bs, 
3.78 


Similarly Tables Tables contain the complete analysis, column 
analogy, the moments bay Fig. considered supported 
DD’ and FF’. The moments bents ABDC and HFJK are not evaluated. 


P=15 


16.67! 


Maximum Positive 


SUBSTITUTE BENT MOMENT DIAGRAM 


Fra. 5 


desired, they can readily computed finding the moment and shear 
transmitted column point (or column point F), Fig. 
aud making subsequent computations superposition (using the results 
Table 2C, with proper attention signs). 


° 
x | 
- 
| 
9lb ly 
=, 
\4 4 
x 
Substitute Members 
au | 
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SKETCHING INFLUENCE EXAMPLE 


The determination influence lines the principle virtual work has 

been treated and the application the column analogy the same 

problem also well simple ex- 

ample will given illustrate the useful- 
ness the method. 

three-bay continuous bent analyzed 

for bending moment, shear, and axial tension 

point Fig. The analysis begins with 

the determination the properties the sub- 

stitute member DD’ (see Tables and the moments due virtual displace- 
ments point Fig. (see Tables 5). 

Table 4C(b), 0.317 and 0.312, indicating error the 
result slide rule inaccuracies. subsequent computations the designer 
would use the average these two values. Finally, the properties the 
substitute member DD’ are computed formulas Table and 
follows: 


| 


Grven Data 
ate First Moments | Second Moments 
No. | Bare} L I z y 

1 CD | 20 | 20 |-15 0 1.00 —15 | 0 225.0 33.3 0 

5 z | 1.60 = A| —13.49| +5.63 171.4=I, 86.5 =I 


«See Fig. 6 and Table 4B. For the properties of the substitute member FF’, see lines 4 and 5, 
Table 3A, and the text under Example Values and respectively. 


Hale Sutherland and Bowman, John Wiley Sons, Inc., New York, 


| 
| 
4 
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EXAMPLE 
P=0 
(for X=1) te 
(for Y=1) 
(a) GIVEN ELASTIC FOUNDATION (b) . (c) (d) SUBSTITUTE ELASTIC FOUNDATION 
Bar Vertical 
No. (see Given Computed force Given Computed 
Fig. 6) Y=1 
P z y My Mz P z y My M: 

6 | Corrected for dissymmetry | +20.6] +46.7 [+425 134=2M’s 
f 10 20.6 46.7 1 4.25 1.34 


Correction elastic centroid. 


TABLE MoMENTS AND DEFLECTIONS, 
Bent CDFF’, 


HorizontTau Force 
xX = 


Point Y=1 Moment 


see 
Fig. 


me ms 


(a) Moments, M = m — m 


2 Dep — 6.57] + 6.48 O| — 2.79 | +2.79 0 0 0 —1.00 | —0.704 | —0.296 
3 Dor — 6.57| + 6.48 0| — 2.79 | +279 0 0 0 0 —0.704 | +0.704 
4 F +23.43 | + 6.48 0} + 1.82} —1.82 0 0 0 0 +0.249 | —0.249 

7 Horizontal ézz = + 13.6 byz = 0 = + 0.312 


‘ 
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TABLE Bent ABDD’ (For 


GIVEN BENT SUBSTITUTE BENT 
Data 
First Moments Second Moments 
(see LiTI z 
Fig. 
a az ay | | arytin 

1 AB 20 | 20|—15 0 1.000 | —15.00 0 225.0 0 

6 . |— 8.499 |+ 3.555 | 1.597 | —13.55 5.655] 169.4 =Iy =I, |+57.8=Izy 


« For properties of substitute member DD’, see text under Example 2. °Z and y, respectively. 


TABLE Loaps Bent ABDD’ anp Moments 


M,=0 
D 1 D 
D’ 
P=0 
My=0 
a Mz=1 1A 


Virtua! Displacements and Elastic Loads 


P=1 My, =1 M; =1 
No. Given Computed Given Computed Given Computed 


5 


tion? 
1.0}. | +3.49¢ |+ 6.45< 


For properties substitute member DD’, see text under Correction elastic centroid. 
ese are values of 2M, and Mz, respectively. 4 These are values of M’, and M’s, respectively. 


10' 
P=1 
Unit 
Angle 
| $1.00 
+1.00¢ 


BENTS 
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2 b> 

2 ol? 

+ 


° 
7 


= 


1 


Distance, in Feet 
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Point P =1 My =1 Mz =1 
1 A — 6.51 |—13.55 | 0 | —0.494 |+0.494 | O | +0.0253) —0.0253 | 0 | —0.1872 | +0.1872 
2 B — 651 |+ 6.45 | O |+1.247 |—1.247 | 0 | —0.0873) +0.0873 | 0 | +0.1435 | —0.1435 
3 D 23.49 |+ 6.45 | 0 |+0.974 | —0.974 | O | +0.1477| —0.1477 | 0 | —0.0260 | +0.0260 


Fig. gives the moments the three spans. The moments girders 
and FH, which belong the elastic foundation, are found superposition, 
making use the results Tables and Tables The ordinates the 
influence lines, represented 


are then computed and given Fig. which the static deflection, and 
the deflection due continuity. 


this paper the writer has attempted for the column analogy what 
Assoc. ASCE, and others did for the method 
moment distribution. Each these efforts, including the present paper, can 
properly criticized the ground that apparent savings time computa- 
tions are effected the expense preliminary work. Nevertheless, the ideas 
offered for discussion this paper seem possess the following merits: 
avoiding simultaneous equations, computation work can done more quickly 
and accurately; and, consequence, especially useful device for 
reviewing designed structures. 


APPENDIX. NOTATION 


The letter symbols used this paper conform essentially with those 
adopted Professor Cross his exposition the column and 
also with tentative American Standard Letter Symbols for Structural Analysis 
(ASA—ZIOH—1947). 


total elastic area 


Direct Method Moment Distribution,” Lin, Transactions, ASCE, Vol. 102, 1937, 


Precise Moment Distribution Method,” Joseph Wise, Journal, A.C.I., November, 1938, 


| 
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total horizontal reaction the structure (Eq. 

horizontal reaction structure, with subscripts and denoting, re- 
spectively, “statically determinate structure” and continuity”; 

second moment the area the cross section member flex- 
ural rigidity) 

I,, Iy, and the second moments the elastic area, about axes and 
zy, respectively; for asymmetric members only, with appropriate 
subscript, denotes the second moment corrected for dissymmetry; 

second moment elastic area for single member only, with subscripts 
corresponding 

total bending moment any point structure (Eq. 6c); 

and the total static moments the elastic load about axes and 
respectively; for asymmetric members only, M’, with appropriate sub- 
script, denotes the total static moments the elastic load, corrected 
for dissymmetry; 


-. 


bending moment any point structure, with subscripts and 
respectively, denoting “statically determinate structure” and “‘due 

P = elastic load = sar ; 


length; denotes any elementary segment any member substitute 
member, whose coordinates are and referred given point 
origin, and whose flexural rigidity 
total vertical reaction structure (Eq. 6b); 
vertical reaction structure, with subscripts and denoting, respec- 
tively, indeterminate structure” and continuity”; 
horizontal influence load; 
distance parallel the z-axis; with appropriate subscript, refers 
some other origin; denotes centroidal value 
vertical influence load; 
distance parallel the y-axis; y’, with appropriate subscript, refers 
some other point origin; denotes centroidal value 
influence torque; 
static linear deflection, with subscripts and denoting “‘in statically 
indeterminate structure” and continuity,” respectively; 
deflection the supporting point the “elastic foundation” due unit 
influence load torque acting the same point; subscripts indicate 
the directions the influence load and the deflections, thus 
denotes the y-component the linear deflection due influence 
load unity; and 
static rotary deflection the structure. 
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DISCUSSION 


Jack Assoc. ASCE.—The simplicity the examples 
somewhat handicaps the paper. The two examples are easier solve other 
techniques; and, order show the method, obvious short cuts are not used. 
illustration, note inspection Example that: 


and 


However, explain the method, simple problems are normally desirable, but 
not problems that can solved more simply other techniques. 

Normally the column analogy considers only moment distortion. This 
not requirement. The can made include direct stress and 
shear deformations. the elastic properties are considered defined 
moment distortions, the load distortions can still made include direct 
stress shear terms. The modification consider direct stress can applied 
very easily. Example the direct stress deformation column 
could significant. can considered shortening CD, and the 
moments resulting from can assumed the same the support 
settled equal amount. 

The imposition deformations rather than forces determine the 
rigidity the substitute member will shorten the work some cases and give 
additional information. the application relaxation procedures, forces 
resulting from unit displacements are desired. Structures such those 
Fig. can solved combination the column analogy with relaxation, 
algebraic procedures which not only forces but deflections will 
simultaneously obtained. 

The author complimented bringing the column analogy again 
the attention the profession. The author’s procedure seems offer the 
most competition current techniques and its best when applied 
continuous arches tall flexible piers and similar complicated problems. 


direct and easily understood approach problem that has been solved 
several ways. Among such treatments, for the record, parallel development 
Hardy Hon. ASCE, the work Mr. Cross with Mor- 
ASCE, and the work Alexander Hrennikoff,“ Assoc. ASCE, 
should given. 


Asst. Prof. Civ. Eng., Stanford Univ., Stanford University, Calif. 
Civ. Engr., Piedmont, Calif. 

" Transactions, ASCE, Vol. 88, 1925, pp. 1196-1206. 

2 Tbid., Vol. 90, 1927, pp. 1137-1145. 


Frames Reinforced Hardy Cross and Morgan, John Wiley 
Sons, Inc., New York, Y., 1932, 227 and 316 seq., particularly 338. 


Multiple Alexander Hrennikoff, Transactions, ASCE, Vol. 101, 1936, 


630 EREMIN ARCHES AND BENTS 


Assoc. ASCE.—In this paper the author has developed 
the column analogy method stress analysis continuous rigid frames and 
arches. The advantage the method that eliminates solution simul- 
taneous equations. regrettable that, illustrating the method, the author 
has introduced rigid frame with straight members which may solved with 
less effort various graphical analytical methods. illustrate this point, 
and also check the method, the writer has solved the frame Fig. 
ample the graphical distribution moments. 

The distance the point inflection (in Fig. determined 


which constant that varies with the shape and elastic properties 
members and can computed moments 
the frame with the joints restrained from translation were constructed 
cross lines Fig. 


The basic moments member, produced the transverse displacement 
joint, are 


the horizontal displacement joint after distribution are shown Fig. 
10. The final moments are obtained superposing the moments Figs. 
and 10, which are close the moments computed the author. 


(Kip-F get) at Potnts D anp F 


The advantage the column analogy method applied single span 
the simplicity the rule signs. Mr. Yu’s method, applied continuous 
frames, the rule signs quite involved and therefore his method more 
complex than other methods common use. 


Associate Bridge Engr., California State Highways, Bridge Dept., Sacramento, Calif. 
% Transactions, ASCE, Vol. 111, 1946, p. 887. 


17 “Simplified Graphical Distribution of Moments in Rigid Frames,” by A. A. Eremin, Sacramento, 
Calif., 1948. 


M=0.25 
M=13.55 
0.25 
Va 
Inflection Point 0.24 
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tures that are statically indeterminate high degree, this paper valuable 
contribution. constitutes extension the column analogy method 
structures more than three redundant elements replacing all parts adja- 
cent selected span (or structural part) with three less redundant 
elements—substituting members definite elastic properties. refinement 
the column analogy method, this procedure new; but the principles 
enumerated the author the (steps (a) (d)) have been 
available since Furthermore, the column analogy method basically 
adaptation the ellipse elasticity method introduced and developed 
Culmann” 1875 and 1888. The author limits his applica- 
tion general solution and bents and the tracing 
influence lines, whereas more basic will permit the solution 
cases which the effect shear and direct stress elastic deformations 
appraised. 

not necessary (nor possible) know even the location the 
axis the substitute member. That possible know the location 
this axis demonstrated Fig. 11, which represents the central frame DEGF 
Fig. This free body rests elastic foundations and 


2 
30 


N 

wo 

a 

2 

or a 2 

Or 


D’(substitute member DD’) F’(substitute member FF’) 
= $00 = 19.04762 
Fig. 11 


which have been replaced the substitute members DD’ and FF’. The 
elastic area is, the elastic weight the substitute member DD’—is 
equal 21/208 0.100961. (The author computed 0.1005.) concen- 
trated the centroid Op, along the vertical axis the supporting column 


Engr., Berkeley, Calif. 


Member 
2 2 
2_ 20 | 2.20 .; 
r= =33. 
d 
a,=1 
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303867 


= —4.254143 
270 
wo | 
TABLE Loap anp FoRMULA FOR EXAMPLE 
Bar a z az|ay |az2z*+i, ay+tiz P z Pr Py 
500 
897 897 
897 
2,800 
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(Fig. 4), the ordinate being equal —290/21 —13.80952. This value 
computed from Table 3A. For example, the second moment the 
13.785, which checks the author’s computation. Similarly, from Fig. 
(80/21)? 188.66214, checking with the author’s value 
19.1/0.1005 190.04975. 


Moment M =m —m™ 


introducing Fig. the author states: extension [of the column 
analogy] not applicable frames with closed panels *.” Fig. 
demonstrates the analysis two-story frame with rectangular panels 
shown. The characteristics the substitute members BB’ and DD’ 
can computed from data Table 2C. this case also, more accu- 
rate result obtained ratios. For example, referring Fig. 10, 
reports: 0.163 0.087 0.076. Since 22, the elastic cen- 
troids the substitute members are the midpoints columns and CD. 


0 


c 


00 _ 
19 


The second moment, the elastic area equal The 
compared with 20.5 Table 2C. With the knowledge that 


640 960 960 
740 2,770 850 
1000 
16 | 
347.37 (2490 = 389.47 
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1,300/3; and 100/3. The complete analysis the two-story frame 
given Tables and Table similar Table 3A. 

Another example continuous frame with closed panels the 
open web truss (see Fig. 13). The characteristics the substitute members 
are 64/3; the second moment, 4/3; and, the elastic area concen- 
trated the midpoints the chords, 1/16. The analysis similar that 
Fig. 12, and the results Fig. check the solution this problem pre- 
sented Amirikian, ASCE, 1942.” 


tially study the relation between the elastic deformations each member 
comprising it, and the selection sections that will maintain structural con- 
tinuity. the case plane structures, these elastic deformations occur 
response moment, axial thrust, and shear. Except where the member 
short and deep, the elastic deformations resulting from axial thrust and shear 
are generally small and negligible compared those produced bending 
moment. Following this line reasoning, the column analogy, developed 
Hardy Cross, Hon. ASCE, results simple formula for continuity 
moments, which the deformations from axial thrust and shear are neglected. 
The method useful the solution three-redundant structure because 
susceptible systematic computation when arranged tabular form. 

The extension the column analogy the analysis continuous struc- 
tures, presented Mr. Yu, contribution engineering literature 
despite the fact that its range application limited certain cases, the 
same many other methods and modifications the field structural 
analysis. 

its application the analysis arch spans (particularly when the arch 
flat), the column analogy good only for preliminary investigations because 
neglects the effect axial deformation, omission that seems unwarranted. 
other words, unless axial deformation can taken into consideration, 
questionable the author’s conclusion (that his method especially useful 
device for reviewing designed structures) justified the case arch spans. 

Example the author offers continuous bent for analysis. The same 
problem was solved the writer using the method moment distribution. 
With the aid ordinary slide rule, required only hours finish the en- 
tire computation, including the values influence ordinates for moment, 
thrust, and shear, corresponding the Although comparison 
with the author’s working time great consequence (the speed com- 
putation depending large measure the degree acquaintance with each 
particular method), the relative accuracy results proper criterion. 
Since presentation other methods beyond the scope discussion, the 
writer’s computations cannot presented; but the results show, invariably, 
smooth curve influence ordinates for each stress function whereas the 
author’s results show marked divergence the remotest spans. The errors 
are most likely mistakes computation because systematic errors com- 


Printing Office, Washington, D. C., 19 129. 


® Design Engr., U. 8. Naval Port ad Eg Shanghai, China. 
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putation would produce influence ordinates that revealed general disagree- 
ment, rather than the isolated ones actually produced. clear that the 
column analogy limited basis for analysis because offers method 
applying independent check. Mistakes computation will carried 
along and thrown into the final result unless (as demonstrated the author) 
they can discovered the equality reciprocal deflections, which 
check not available until the computation completed. For the case 
long series continuous spans, the successive combination spans necessary 
arrive single span wherein the particular stress functions are studied 
would entail many tabulations that slight mistake computation, not 
rigidly checked the end each process combination, may result 
final, cumulative, gross error. 

Furthermore, getting influence lines using the Mueller-Breslau prin- 
ciple, the computation deflection ordinates remote spans, due unit 
strains corresponding the desired influence functions, permits rather high 
degree precision shown the significant data Fig. the writer’s 
solution the same problem, uniform degree precision was controlled 
using ordinary slide rule. tracing influence lines for stress functions 
sections other than those illustrated the author, necessary find 
many independent sets indeterminate moments column analogy (moments 
due applied unit strains particular section) there are numbers 
sections intersected, and then compute the deflections. moment dis- 
tribution, only matter simple arithmetic applied the principle 
statics, compute influence ordinates any number sections, using only 
the influence lines for fixed-end moments and the joint moments distributed 
from joint with arbitrary unbalanced moment. 

The column analogy computation gives the combined effects sidesway 
and joint rotation but affords clue the proportions between them. 
Moment distribution yields that result directly and much preferred. 

Example the paper shows clearly the merit Mr. Yu’s method. The 
directness with which the substitute members are found simplifies the solution. 
The same problem, solved the method moment distribution, would 
require two sidesway corrections and two simultaneous equations, making 
perhaps less favorable than the author’s method. 

summarize, the writer feels that, although the author’s contribution 
engineering literature highly commendable, its field application the 
analysis continuous structures limited, being neither rapid nor 
accurate many other methods. 


several discussers have added valuable material and con- 
structive criticism this paper. 

Replying Mr. Benjamin—an author justified demonstrating the 
application proposed method simple examples, even those examples, 
themselves, can solved more easily other techniques. Implicit the 
use simple examples the claim that, having mastered the application 
method given examples, the analyst can himself apply the basic procedure 


* Prof. of Civ. Eng., Chiao-Tung Univ., Shanghai, China. 
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more complicated cases. The merits demerits particular method 
were trial this paper, and extensive description other methods, 
necessarily, must considered beyond the scope discussion. Nevertheless, 
would have given readers basis for making their own comparisons Mr. 
Benjamin had simply named the “‘other techniques” that had mind. 

The presentation might have appeared better light had the writer 
elected outline the short cuts inherent his method; but might 
also have been the expense firmer basic understanding all facets 
new subject. Short cuts come with practice, and competition with 
the method described this paper will found adaptable this 
sense also. 

Mr. Benjamin points out correctly that the deflection terms can made 
include direct stress and shear deformations. Messrs. Polivka and Tsu also 
mention these deformations. fact, the writer makes assumption 
the effect these two distortions; the effect consid- 
ered, believed that the computation will similar that Table 5B, 
under 

Mr. Benjamin prefers the relaxation the use “‘unit prob- 
lem’’—that is, prefers find the component forces resulting from the imposed 
unit distortions. correct that influence coefficients block properties can 
often computed easily the column analogy method, which the writer 
inclined believe merely modification the relaxation method. Since 
the labor computation involved the relaxation procedure depends almost 
entirely the number joints, simpler solution hardly expected. 

Mr. Meszaros contributes four references which the first two, Hardy 
Cross, Hon. ASCE, are the discussions connection with the neutral point 
the third, Mr. Cross and Morgan, ASCE, “‘a modifica- 
tion the method distributing fixed-end moments and and the 
fourth, Alexander Hrennikoff, Assoc. ASCE, again, ‘‘based the 
well-known principle moment These references contain much 
valuable information, but they not extend the column analogy method 
the sense defined the paper. reviewing designs different methods, 
not unusual find points similarity and correlation. For instance, the 
concept the substitute member (which basic the theory this paper) 
has been mentioned one way another the late McCullough, 
ASCE, and Fang-Yin Tsai, ASCE, and Mr. Polivka. Mr. 
Tsai published paper the subject (in Chinese) about 1936. The par- 
ticular development the present paper was the independent work the 
writer. 

Mr. Eremin presents graphical method for the solution 
those who prefer graphical methods analytical methods, this should very 
valuable. concludes his discussion with the statements: advantage 
the column analogy method applied toa single span the simplicity the 


% “Continuous —— of Reinforced Concrete,” by Hardy Cross and N. D. Morgan, John Wiley & 
Sons, Inc., New York, N. Y., 1932, p. 316, 


Arch McCullough and Thayer, John Wiley Sons, Inc., New York, 
193 


0 
8] 
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rule but applied continuous frames, the rule signs 
quite involved *.” The writer disagrees with this view and would like 
emphasize the fact that the sign convention the paper exactly according 
that used Mr. far the sign concerned, there difference 
between the column analogy method for single span, and its extension when 
applied the continuous frame. this connection, the writer believes that 
the sign convention will more involved its application the examples 
the paper than when applied single span. 

Mr. Polivka correct stating that possible locate the centroid 
the elastic area the substitute member. The writer’s slide rule calculations 
appear his demonstration (Example the formulas Table and 


However, impossible know the location the axis the substitute 
member itself, since the hypothetical shape the substitute member imma- 
terial. Thus, Fig. the substitute member BB’ can any shape 
(Fig. 14, for example). 


14 Fie. 15 


Mr. Polivka’s application the method frames with closed panels 
very welcome addition this paper. avoids simultaneous equations en- 
tirely, and his computation straightforward and automatic. 

private correspondence with the writer, Mr. Polivka points out that all 
principles and rules the ellipse elasticity hold for the column 
analogy. The ellipse elasticity defined, general, two principal semi- 
axes. The short semiaxis the ellipse for substitute member equal zero 
the effect axial thrust not considered this paper. 

Mr. Tsu, demonstrating the effect rib shortening, states that: 


when the arch flat), the column analogy good 


only for preliminary investigations because neglects the effect axial 
deformations 


this statement Mr. Tsu correct; but the writer wishes stress the fact 
that, the case suspension bridges small sag, flat arches (continuous 
single span) should analyzed the Melan, 
others. Mr. Tsu’s example, neither the column analogy method nor the 
moment distribution method would much value. 


“Theorie und Berechnung vollwandiger Bogentraeger bei Beruecksichtigung des Einfiusses der 


Systemverformung,” Fritz, Springer, Berlin, 1934. 
the Theory Plasticity the Investigation Statically Indeterminate Supporting 
Structures of Reinforced Concrete,”’ by Alfred Freudenthal, Memoires, International Assn. for Bridge and 
Structural Eng., Zurich, Vol. 1933-1934, pp. 180-192. 
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638 ARCHES AND BENTS 


Mr. Tsu’s remarks the working speed, relative accuracy results, and 
the danger arithmetical errors, stated the fourth paragraph his dis- 
cussion, are probably correct. the column analogy tool the writer 
believes should systematic and mechanical possible increase the 
working speed and diminish errors. 

Mr. Tsu’s criticism the relative degrees accuracy attained the ex- 
ample given Fig. rather beside the point. the example, the writer 
endeavored give fairly accurate picture the influence line, not only for 
the span but also for the adjacent span and the next span FH. 
practical engineer, probably only span (and possibly span well) needs 
investigated for influence lines (see Fig. 6). The degree accuracy war- 
ranted and, therefore, the amount labor involved depend whether 
accurate picture the influence line the remotest span desired, but 
not whether “column analogy” distribution” applied 
computing it. 

Mr. Tsu points out very clearly that the moment distribution method 
rather involved its application Example The writer also inclined 
believe that the extended column analogy explained the paper may advan- 
tageous solving such continuous bents shown Fig. 15. series roof 
bents case point; and the problem continuous arches slender piers 
only special case such continuous bents. 
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the direct result turbulence generated the borders submerged 
jet, the fluid within the jet will undergo both lateral diffusion and deceleration, 
and the same time fluid from the surrounding region will brought into 
motion. The approximate characteristics the corresponding mean flow 
pattern are derived analytically, with the exception single experimental 
constant, through assumptions that: (1) The pressure hydrostatically dis- 
tributed throughout the flow; (2) the diffusion process dynamically similar 
under all conditions; and (3) the longitudinal component velocity within 
the diffusion region varies according the normal probability function each 
cross section. Experimental data are presented which justify the analysis and 
provide the necessary coefficients for flow from both slots and orifices. All 
results are reduced form immediately useful for design purposes. 


STATEMENT THE PROBLEM 


far most engineers are concerned, high-velocity flow from submerged 
outlet represents merely irrecoverable loss power, for basic axiom 
hydraulics states that the entire kinetic energy such jet will dissipated 
through reaction with the surrounding fluid. more explicit terms, the differ- 
ence velocity between jet and the region into which discharged will 
give rise pronounced degree instability, the kinetic energy the on- 
coming flow steadily being converted into kinetic energy turbulence, and the 
latter steadily decaying through viscous shear. However, such conversion 
means restricted the vicinity the outlet, for any reduction kinetic 
energy necessarily represents decrease the velocity flow, and even the 
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most elementary considerations continuity indicate that the area the flow 
section must become great the velocity becomes small. view the 
Newtonian principle action and reaction, moreover, will realized that 
deceleration the fluid the jet can occur only through simultaneous accelera- 
tion the surrounding fluid, that the total rate flow past successive sec- 
tions the jet will actually increase with distance from the outlet. 

The phenomenon loss” simply treated hydraulics evidently 
involves far more than local energy conversion. Indeed, detailed knowledge 
the velocity distribution within such expanding stream essential 
many problems diffusion. Flow liquid suspension from submerged 
pipe into settling basin case point, although closely related phase 
mixing found the efflux heated cooled air from ventilation duct 
the wall room; either case the engineer interested the shape and the 
the jet, and the amount entrainment (and hence dilution of) 


Zone of | Zone of 
Flow Establishment Established Flow 


Fic. 1.—Scuematic oF Jet DiFFusion 


the jet from section section. Directly related, although more closely re- 
stricted boundary (that is, free-surface) conditions, the diffusion plung- 
ing nappes from spillways submerged jets from sluice gates, because in- 
formation the accompanying rate deceleration often necessary the 
prevention scour beyond the apron. Finally, since the slip stream 
propeller differs little from any other type jet, the velocity distribution the 
wake aircraft and watercraft matter vital importance, for example, 
submarine detection) should subject the same method analysis. 

With reference Fig. will seen that initial zone flow establish- 
ment must exist beyond the efflux section either two-dimensional three- 
dimensional submerged jet. Since the fluid discharged from the boundary 
opening may assumed relatively constant velocity, the efflux 
section there will necessarily pronounced velocity discontinuity between 
the jet and the surrounding fluid. The eddies generated this region high 
shear will immediately result lateral mixing process which progresses both 


Center 
-_Line 
= = 
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inward and outward with distance from the efflux section. Such lateral mixing 
produces necessarily balanced action and reaction: the one hand, the fluid 
within the jet gradually the other hand, fluid from the sur- 
rounding region gradually accelerated entrained. result, the con- 
stant-velocity core the jet will steadily decrease lateral extent, whereas 
both the rate flow and the over-all breadth the jet will steadily increase 
magnitude, with distance from the efflux section. The limit this initial zone 
flow establishment reached when the mixing region has penetrated the 
center line the jet. 

Once the entire central part the jet has become turbulent, the flow may 
considered fully established, for the diffusion process continues thereafter 
without essential character. Further entrainment the surrounding 
fluid the expanding eddy region now balanced inertially continuous 
reduction the velocity the entire central region. Such variation ap- 
proaches (but never actually attains) limit the center-line velocity becomes 
negligible magnitude very great distance from the original efflux section, 
the lateral extent the eddy region—and hence the quantity fluid within 
the being wholly out proportion conditions the initial section. 

Just the theoretical limit the zone established flow evidently 
nonexistent, the border section between this zone and the zone establish- 
ment (indicated the vertical broken line Fig. can considered sharply 
defined only the extent which one may neglect the zone transition which 
necessarily exists between two distinct flow regimes. There is, fact, 
precise point which the eddies from opposite sides the jet can said 
meet, for the statistical nature the mixing process makes impossible 
place more than arbitrary limit its lateral range. The boundaries the 
diffusion region, like the border between the two zones, must therefore ac- 
cepted merely convenient nominal designations. 

Conditions within the zone flow establishment and the zone established 
flow were first investigated theoretically Tollmien the as- 
sumptions that: (a) The sole effective force was the tangential shear expressed 
terms the lateral momentum transport the mixing (b) the mixing 
length varied with the first power the longitudinal distance from the efflux 
and (c) the velocity the turbulence was proportional the product 
the mixing length and the mean velocity gradient. With the exception 
numerical coefficient which had evaluated experimentally, Mr. Tollmien 
was able derive stream function which indicated with good approximation 
the actual pattern the mean flow each region.* Later studies other 
introduced either the concept vorticity transport the 
assumption constant eddy viscosity across any section the diffusion zone, 


Berechnung turbulenter Ausbreitungsvorgiinge,”” by W. Tollmien, Zeitschrift far angewandte Mathe- 
matik und Mechanik, Vol. 6, 1926, p. 468. 


375. 


7“Investigations of the Turbulent Mixing Regions Formed by Jets,” by A. M. Keuthe, Journal of 
Applied Mechanics, September, 1935, p. A-87. 

’“‘Application of the Modified Vorticity Transport Theory to the Turbulent Spreading of a Jet of Air,” 
Tomotika, Proceedings, Royal Soc. London, Vol. 165, Series March-April, 1938, 65. 

*“Concerning the Velocity and Temperature Distribution in Plain and Axially Symmetrical Jets,” 
Howarth, Proceedings, Cambridge Philosophical Soc., Vol. 34, 1938, 185. 
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but did not add materially the agreement with experimental 
matter fact, the sensitivity the mean velocity-distribution function 
the type turbulence structure assumed not great; the comparison be- 
tween measurement and theory has, result, never been sufficient provide 
conclusive check the accuracy the assumed mixing characteristics. 
Indeed, not until detailed measurements the turbulence within two-dimen- 
sional and three-dimensional jets were made and 
Liepmann and was the considerable discrepancy between assumption 
and fact fully realized. 

Since approximate analysis the mean velocity distribution within 
either zone actually requires assumption the distribution turbulence, 
and since the characteristics jet diffusion have not yet been published 
form readily usable engineers, this paper seeks fulfil this twofold purpose. 
The dimensional aspects the phenomenon are first discussed, followed 
elementary physical analysis the mean flow pattern. Experimental data 
covering considerable range each independent variable for both two- 
dimensional and three-dimensional flow are then presented justify the anal- 
ysis and provide the single numerical coefficient still required for each 
case. All results are finally summarized convenient dimensionless form. 


General the Reynolds number for fluid efflux from sub- 
merged boundary outlet not too low, the mean velocity any point (see 
Fig. should depend only the coordinates and the efflux velocity 
vo, and linear dimension characterizing the particular outlet form. 
These variables may grouped the dimensionless relationship: 


This relationship must considered involve the magnitude and the direc- 
tion the vector the components which may further related through 
the differential equation continuity: 


The rate flow volume flux past successive normal sections may written 
the integral the differential flux over any normal section. Since, 
because entrainment, will vary with the longitudinal distance from the 
efflux section, its ratio the efflux rate may expected have the func- 
tional form: 


10 “Investigation of Flow in an Axially Symmetrical Heated Jet of Air,” by S. Corrsin, Advance Con- 
No. National Advisory Committee for Aeronautics, Washington, C., 1943 (Wartime 
eport W-94). 
Free Turbulent Mixing,” Liepmann and Laufer, Technical Note No. 
1257, National Advisory Committee for Aeronautics, Washington, D. C., August, 1947. 
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which the cross-sectional area the outlet. Similarly, since the 
momentum flux may written the integral the volume flux 
times the longitudinal component momentum per unit volume »,, being 
the fluid density, the ratio for any section for the efflux section 
should 


Finally, since the energy flux expressible the integral the volume flux 
times the kinetic energy per unit volume the ratio for any 
section for the boundary outlet should take the form: 


Such general considerations will yield further clue the actual func- 
tional relationships without specific statements the dynamics the flow. 
For example, the basis experimental evidence may safely presumed 
that the pressure distribution essentially hydrostatic throughout the zone 
motion—in other words, that the sole force producing the deceleration the 
jet and the acceleration the surrounding fluid the tangential shear within 
the mixing region. Because this process wholly internal, follows once 
that the momentum flux must constant for all normal sections given 


flow pattern: 


If, moreover, viscous action presumed have influence the mixing 
process, the diffusion characteristics—and hence 
the characteristics the mean flow—should 
dynamically similar under all conditions. Thus, 
effect, the same velocity function must char- 
acterize every section within the diffusion region. 
matter fact, experimental data follow the 
general trend the Gaussian normal probability 


( Umax 


which the right-hand member expresses the 

value the quantity parentheses being the 

value similar simplification applies subsequently Eqs. 12, 19, 24, 

The use Eq. the analysis permits the characteristics the en- 

tire flow pattern expressed terms the two parameters which define the 

proportions the curve: the velocity and the standard root-mean- 


| 
function: 
v 
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square deviation (see Fig. 2). Moreover, not only does Eq. then reduce 


Umax 


but the condition dynamic similarity simultaneously requires that all 
cross sections, regardless the efflux velocity, 


other words, the angle jet diffusion must 

Through use Eqs. and all characteristics the mean flow pattern 
for any specific boundary condition may now determined analytically, 
with the exception single experimental coefficient. Such characteristics 
include the variation the magnitude and direction the velocity vector 
with coordinate space, and the variation volume flux and energy flux with 
distance from the outlet section. the following pages these characteristics 
are evaluated for the zone flow establishment and for the zone established 
flow under both two-dimen- 
sional and three-dimensional 
conditions. 

Zone Flow Establish- 
ment.—In the case efflux 
from long slot, will 
noted from Fig. that 
will correspond long 

Fic. ror the eddies have not pene- 

trated the central plane 

the jet. Therefore, the distribution across any normal section within 

this zone may represented first approximation the two symmetri- 

cal halves the probability curve connected with straight line through the 

constant-velocity core. Evaluation the integral Eq. 

for the condition that will found yield once the specific re- 
lationship: 


which represents the distance from the efflux section the end the 
zone establishment. Evidently, the nominal inner boundary the diffusion 
region plane satisfying the expression: 


The distribution function for the diffusion region then takes the explicit 
form: 

B 2 


lle See revised statement in the closing discussion. 
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Similar evaluation the volume-flux integral Eq. after introduction 
from Eq. 12, will result the relationship: 


Inasmuch the rate change volume flux with longitudinal distance 
must equal twice the velocity entrainment (that is, the velocity 
considerable distance from the jet), follows that 


The same result would obtained limit through solution the differential 
equation continuity for function and however, since the latter 
function must shown graphically rather than algebraically, not intro- 
duced this point. (All détailed evaluations this nature have been de- 
posited with the Engineering Societies Library for reference.) 

Although the energy-flux integral properly involves the magnitude the 
velocity vector the term for kinetic energy per unit volume, the vector 
magnitude may expected differ little from that its longitudinal com- 
ponent except the outer regions, and the contribution these regions the 
total flux should relatively small. The energy-flux ratio may therefore 


Flow from circular orifice should differ from the foregoing only the sub- 
stitution the orifice diameter for the slot width and the substitution 
the radial distance for the lateral distance the basic equations, the 
integration being performed over the corresponding circular areas for the 


once results 


which counterpart Eq. 10. However, the general solution the mo- 
mentum relationship yields expression which—in contradistinction Eq. 
for the two-dimensional case—indicates that the diameter the nominal inner 


border the diffusion region for three-dimensional flow not linear function 
that is, 


Fortunately, the difference between this curvilinear function and the linear 
approximation 
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probably greater than the discrepancy between the actual velocity distri- 
bution and the assumed probability curve. For all practical purposes 
sufficient, therefore, write the velocity distribution within the region 
diffusion the simplified form: 


terms this simplification, the equation for the variation the volume- 
flux ratio with distance from the orifice then becomes 


Although, the two-dimensional case, the rate entrainment may now 
expressed the derivative the volume flux with longitudinal distance, for 
reasons continuity the radial velocity beyond the diffusion region will 
vary inversely with radial distance from the center line; other words, the 
product rather than itself approaches finite limit such three-dimen- 
sional flow: 


ran 


The variation within the diffusion zone may evaluated from the differ- 
ential equation continuity; since this function must again shown graph- 
ically rather than algebraically, not presented herein. Finally, the 


~ 
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Center Line 


Umax 
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case flow from slot, may assumed that the difference between the 
magnitude the velocity vector and that its longitudinal component will 
have little effect the expression for the energy flux past successive sections 
beyond orifice, which thus becomes 


Zone Established Flow.—As will noted from Fig. all sections be- 
yond the zone flow establishment the probability curve indicating the 
velocity distribution will continuous across the line symmetry, and the 
ratio will therefore become directly indicative the rate outward spread 


(21) 
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the eddy region. Assuming, for the two-dimensional case, that 
evaluation the momentum flux will lead once the expression: 


Umax 1 Bo 


which the quantity Bo/( represents the same parametric distance 
that Eq. 10. other words, determination the single constant 
from experimental measurement will suffice for both zones. The distribution 
the longitudinal velocity component the zone established flow may then 


written 


From the equation for volume flux will found, for the established zone, 
that 


and differentiation with respect will yield the rate entrainment and the 
corresponding lateral velocity considerable distance from the jet: 


will also the limit the general function for obtained graphical 
solution the equation continuity and reproduced later point. 
tion the energy flux terms finally leads the approximate ex- 


pression 


Once more replacing and and and integrating over the corre- 
sponding areas, the equivalent expressions for the three-dimensional case may 
evaluated for the condition that The momentum equation 
once reduces 

Umax 1 Do 


which the quantity Do/(2 corresponds the same parametric distance 
that Eq. 16. Evidently, determination the single experimental con- 
stant will suffice define all characteristics both zones, just the two- 
dimensional case. The remaining expressions then become 


= 3 CG exp [ GAL 4 ( ) 
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Characteristics the Mixing foregoing analysis the pattern 
mean flow was made with complete disregard for the detailed characteristics 
the diffusion pattern which the phenomenon depends. the assumed 
distribution mean velocity and the resulting diffusion rate are even ap- 
proximate agreement with actual flow conditions, however, should pos- 
sible obtain least rough indication the diffusion characteristics. 

Since the pressure distribution was assumed hydrostatic, the only 
force considered analyzing the interaction the jet and the surround- 
ing fluid must the shear exerted along any longitudinal plane. The cumula- 
tive effect such shear will necessarily disappear the distance from the jet 
axis becomes great (that is, zero net force corresponds zero longitudinal 
gradient the total momentum flux), but within the zone diffusion the 
intensity shear may expected vary considerably. fact, its local 

magnitude may evaluated terms 


mentary part the diffusion zone. 
resents the longitudinal cross section 
cubic element space within the ex- 


mentum may expressed the prod- 
uct the elementary volume flux 
right angles any face and the cor- 

momentum per unit volume. The net 
longitudinal component force the faces the element should then equal 
the net flux longitudinal momentum through all faces the element. For 
two-dimensional flow (that is, zero longitudinal shear the faces), the 
momentum equation will 


x 


which reduces the following statement conditions point: 


Evidently, the local intensity shear will involve the integral Eq. with 


and 
Ey 3 Cs . ee 32 


SUBMERGED JETS 649 


respect from the axis the point question: 


Because the difficulty expressing other than graphical methods, 
evaluation this relationship must also proceed graphically, the results being 
shown plotted form subsequently. once possible, the other hand, 
express certain characteristics the turbulence terms this function. 

From the Reynolds equations acceleration, the intensity longitudinal 
shear any point turbulent fluid may written the sum mean 
viscous stress and apparent turbulent stress: 


which the dynamic viscosity the fluid. Under conditions such 
pronounced mixing exists within the eddy region spreading jet, ap- 
pears reasonable presume that the term for mean viscous shear will rela- 
tively unimportant. Indeed, this was prerequisite the basic assumption 
dynamic similarity. The necessarily finite magnitude the mean product 
the turbulent velocity components the other hand, indicates that 
finite degree correlation must exist between the components and 
The turbulence must definitely nonisotropic, therefore, and all probability 
the root-mean-square values these components will differ from one another 
every point. Because the arbitrary nature the assumed mean velocity 
distribution, cannot expected that the resulting mean flow pattern will 
yield any useful clue the relative magnitudes these root-mean-square 
terms, and rough approximation must necessarily assumed that they 
are proportional. Further assuming that the Prandtl concept proportionality 
between these components and the product so-called mixing length and the 
mean velocity gradient not greatly error, follows that, qualitatively, 


which the product represents the diffusion coefficient (that the 
so-called kinematic eddy viscosity). Once Eq. has 
should possible express the approximate variation and 
dimensionless functions coordinate space, just the case such other 


variables and The results are shown graphically the following 
section. 


EXPERIMENTAL RESULTS 


Equipment and Test experimental program resulting from 
wartime fog-dispersal project the Iowa Institute Hydraulic Research 
(at the State University Iowa, Iowa City, Iowa) involved the measurement 
the mean velocity distribution both two-dimensional and three-dimen- 


(37 


650 SUBMERGED JETS 


sional jets over considerable range each independent variable. Purely 
for convenience, all measurements were made air, but there reason 
presume that comparable results would not obtained any other fluid— 
whether liquid gas—of moderately low viscosity. Essentially the same 


Adjustable 
Edge of Slot 


| ~ Bo Floor of 


From Blower 


Fie. 6.—Deraits or aND APPROACH 


experimental equipment was used each phase the project, the flow being 
produced 2-hp centrifugal fan with suitable ducts and stilling devices. 
The two-dimensional slot (Fig. was formed from two 6-ft strips 1}-in. 
cold-rolled steel, carefully rounded along the inner edges and accurately 
adjustable spacing from to}in. This slot was set flush with the sur- 
face 6-ft 12-ft level floor, and was bounded the ends 6-ft 12-ft 
vertical walls. (Because attempts measure the velocity distribution the 
zone establishment for even the }-in. slot proved futile, special 1-in. slot 


interchangeable 
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was made for this purpose.) The circular orifice (Fig. was set into the top 
4-ft table, and consisted three interchangeable brass sections 
having outlet diameters in., in., and in. with well-rounded transitions 
from the same 60° convergent approach section. both cases, gage carriages 
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permitted motion measuring instruments three coordinate directions, 
scales with verniers which read 0.001 indicating the coordinate position. 
Because the extreme variation velocity with location, was necessary 
utilize several different methods velocity measurement. The efflux 
velocity the jet and the velocity distribution the outlet vicinity were de- 
termined with No. hypodermic needle used stagnation tube and con- 
nected directly differential water manometer read point gage 0.001 
ft. zones moderate velocity the water manometer was replaced 


N 


w 


-70 


-80 


sensitive two-liquid gage, which was read micrometer 0.001 in. alcohol. 
The lowest velocities were measured midget spoke-vane anemometer with 
jeweled bearings, which had been calibrated air tunnel. Except the 
zones flow establishment, the velocity instruments were oriented with respect 
flow direction accordance with prior indications directional vane 
consisting thin plate with stagnation tube mounted each side short 
distance behind the leading edge. The vane was rotated about axis through 
the leading edge until zero differential reading was obtained manometer 
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connected the two stagnation tubes. zones very low velocity the vane 
was replaced fine jet smoke for visual observation. 

Since the distribution velocity any cross section was assumed 
governed solely the efflux velocity, the outlet dimension, and the longi- 
tudinal distance the section, these three independent variables were generally 
controlled the tests that the maximum practicable range each was 
investigated systematic steps the other two were held constant. There 
were three exceptions this general procedure: First, because the zone 
established flow was primary interest, only few exploratory measurements 
necessarily limited range were made the zone establishment. Second, 
result the evident similarity the distribution curves all sections 
the established flow, only sufficient number direction measurements (see 
Fig. were made establish the approximate variation vector inclination 
for the two-dimensional and the three-dimensional cases beyond reasonable 
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doubt, and this was then used orient the velocity instruments for all sub- 
sequent measurements. Third, order determine the variation 
over the greatest possible range, independent center-line measurements were 
made far beyond the region which the complete lateral distribution could ac- 
curately determined. 

Results for the Two-Dimensional the center-line 
velocity from the efflux section over longitudinal distance equal several 
thousand times the slot width are shown dimensionless plot 
Fig.9. Except limited zone transition, the experimental points for 
all slot widths and efflux velocities follow closely either horizontal line with the 
ordinate magnitude unity for the zone flow establishment, 1:2 sloping 
line for the zone established flow. Since these two lines intersect the 
point 5.2, follows once that the constant for the equations 
the zone establishment any two-dimensional jet will have the magnitude 


| 
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Introduction this value into Eq. yields the specific relationship for the 
velocity distribution the diffusion region the two-dimensional zone 
establishment 


2 


which plotted Fig. 10, using the lateral location the slot boundary 
the zero reference the ordi- 
nate scale. Superposed the 
analytical curve are the meas- 
ured values obtained the ex- per sec) 
ploratory study the velocity 
distribution this zone. The 
agreement between analysis 
and experiment quite satis- 
factory. 

For the zone established 
flow, introduction the same 
experimental coefficient 
0.109 into Eq. leads 
the specific expression for the 
sloping line Fig. 


Eq. represents the limiting 
form Eq. after introduc- 
tion the constant 


Values 


Eq. plotted Fig. 11, to- 
gether with all measured values 
for the longitudinal velocity 


component. Despite appreci- Zone oF EsTaBLISHMENT OF FLow FRoM SLors 
able experimental scatter, the 


analytical curve reasonable agreement with the measurements over the 
entire range the independent variables. The graphical solution the con- 
tinuity relationship for vy, terms the constant shown the same 
general manner Fig. 12, together with values obtained 
multiplying the measured velocities the sines the corresponding angles 
inclination Fig. Although the data follow the general trend the theo- 
retical curve, the values computed from the measurements are least 100% 
greater than those indicated the plotted function—the discrepancy also 
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being apparent from comparison the analytical curve (curve (a)) Fig. 
with the measured values. explanation can given for this disagreement; 
neither the computations disclose any likelihood mathematical error, nor 
have repeated measurements different observers led essentially different 


Values 


Values 


Fic. 11.—Disraisvtion or Vevociry mx Zong Fic. oF 
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results. Fortunately, the angles involved were small result neg- 
ligible error the longitudinal velocity. Because the lack dependable 
velocity measurements the outer region, cannot stated whether 
not the experimental data approach the velocity-of-entrainment limit given 
the following specific form Eq. 26: 


0 


Eqs. and for the ratio and the ratio the 
zone flow establishment become, terms the constant 
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and 


Likewise, Eqs. and for the zone established flow will reduce 


Eqs. 42, 43, 44, and (as well the basic expression are plotted 
Fig. 13, together with values obtained integration the measured ve- 
locity-distribution curves for typical runs with the independent variable. 


and 
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Fig. 13.—Disrrisution or VoLumE, Momentum, aND DowNnsTREAM FROM 


Although measurements turbulence were made this experimental 
program, nonetheless pertinent note the results the approximate 
analysis the eddy pattern. Fig. includes the simultaneous graphical 
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section the zone established flow, the assumed curve for being included 
for purposes orientation. will noted therein, the zone maximum 
intensity shear, and hence maximum intensity turbulence, lies somewhat 
inside the point inflection maximum slope the velocity curve (that is, 
where The scale the eddies minimum this general zone, 
whereas the mixing coefficient attains maximum the center line. The 
indications are, course, merely qualitative, but nevertheless quite significant. 
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Fic. 14.—Aprroximate or TURBULENCE CHARACTERISTICS IN 
Two-Dimensional Zone or FLow 


Results for the Three-Dimensional Jet.—As the two-dimensional case 
just discussed, logarithmic plot all center-line velocity measurements 
(Fig. 15) yields horizontal and sloping line for the two zones flow, that 
for the established zone now having 1:1 slope. The intersection these 
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component the zone establishment assumes the specific form: 


which plotted, together with measured data, Fig. 16. Unlike the case 
the slot, the agreement between analysis and measurement not wholly satis- 
factory. shown the broken line, considerable improvement would 


terms this constant, Eq. for the distribution the longitudinal velocity 
result through use the smaller border value 4.5 (that is, 0.111). 
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However, since close agreement the limited zone establishment con- 
sidered less significant than evaluation both zones (as the two-dimen- 
sional case) terms the same coefficient, the value 0.081 used 
throughout. Thus, Eq. seen take the specific form: 


Vo Do 


which corresponds the sloping line Fig. 15. This simply the limiting 
form the general relationship for Eq. 29, which accordingly becomes 


and plotted Fig. 17, together with measured data. Despite considerable 
experimental scatter due the great range the independent variables, 
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the points will seen follow the probability curve with good approxima- 
tion. Fig. gives the graphical solution the continuity equation for »,, 
supplemented experimental results obtained through multiplying the 
measured vector magnitudes the sines the corresponding angles 
inclination. the two-dimensional case, the data follow the trend the 
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theoretical curve, but the values computed from the velocity measurements are 
least twice great those the plotted function (see also curve 
Fig. 8). evidently impossible discover whether not they finally 


approach the hyperbolic curve, corresponding the following specific form 
Eq. for the radial velocity entrainment: 


Limit 


Introduction the experimentally determined coefficients Eqs. and 
for the and ratios the zone flow establishment 
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gives 
and 
Similar evaluation Eqs. and for the zone established flow yields 
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Eqs. 50, 51, 52, and are plotted Fig. 19, together with points representing 
the corresponding integrals measured velocity-distribution curves for typical 
runs which was the only independent variable. 
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Except for the fact that the development leading Eq. must revised 
according the distinction between the cubic element the two-dimensional 
case and the cylindrical element the three-dimensional case, evaluation 
the approximate characteristics the turbulence proceeds essentially the 
same manner. Solution the corresponding differential equations results 


the functions for and plotted Fig. dimensionless form 
together with the function for for purposes orientation. Inasmuch the 
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curves differ from those Fig. only minor details, the same comments 
are again applicable. 

Generalization the Mean Flow the results the com- 
bined analytical and experimental investigation presented the foregoing 
must considered approximate rather than rigorous, the series specific 
equations and plotted curves are nevertheless sufficiently close actual fact 
used with confidence general problems design. The equations 
diagrams themselves indicate limit applicability. fact, systematic 
deviation from the respective functions was noted with change either length 
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velocity scale. Two probable limits applicability should therefore 
mentioned. great distances from the efflux section—however accurately 
the measured curves may extrapolated—the velocities flow become low 
that extraneous effects rather than the dynamics the jet itself will begin 
govern the flow pattern. Although significant deviation the center-line 
velocities from the predicted function was found experiments distances 
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from the efflux section equal several hundred times the orifice diameter and 
several thousand times the slot width, must emphasized that extreme 
care was taken eliminate all possible disturbance the jet. low Rey- 
nolds numbers for the efflux section, moreover, expected that viscous 
influences will prevent the full development turbulence the region 
diffusion. The lowest Reynolds number, Lo/v, attained the tests 
described herein was about 1,500. There is, course, reason expect any 
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difference between the flow gas and the flow liquid comparable 
Reynolds numbers. The results may considered applicable, therefore, 
the efflux either type fluid—provided only that gas velocities not be- 
come high that acoustic effects begin influence the flow pattern and that 
liquid velocities not become high that appreciable cavitation 
within the eddies. 

streamline stream surface the mean motion defined line 
surface (depending whether the flow two-dimensional three-dimensional) 
across which flow takes place, should possible from the foregoing re- 
sults develop—either from the velocity-distribution curves from the stream 
function corresponding these curves—a systematic sequence such lines 
surfaces showing glance the pattern mean motion both the zone 
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establishment and the zone established flow. Such diagram presented 
Fig. 21, which the upper half corresponds efflux from long slot and the 
lower half that from circular orifice. the two-dimensional case, the 
spacing the streamlines inversely the local magnitude 
the velocity, that the speed well the direction flow readily ap- 
parent. the three-dimensional case the spacing the stream surfaces 
inversely proportional the velocity times the radial distance the point 
question, that—although the direction motion immediately evident— 
comparison velocity magnitudes eye not readily possible. Each the 
diagrams contains the locus the point inflection (that is, the maximum 
slope) the error curve for the longitudinal velocity distribution, which corre- 
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sponds roughly the region maximum intensities shear and turbulence. 
Also indicated the nominal boundary the jet—that is, the zone which the 
longitudinal velocity only small percentage that the center line. 
The nominal boundary the jet from slot will thus have slope approxi- 
mately 1:4, whereas that for orifice approximately 1:5. previously 
indicated, this diagram should characteristic all jets under comparable 
flow conditions. 

Not until after the completion the present paper did the authors receive 
copy the very excellent and comprehensive treatise Reichardt,” 
which discusses submerged jets one series related diffusion phenomena. 
Noteworthy connection with the pattern mean flow just presented 
Mr. Reichardt’s conclusion that the lateral streamlines the two-dimensional 
jet—in contradistinction the radial streamlines the three-dimensional jet 
(and the lateral streamlines shown the top Fig. 21)—must asym- 
ptotic family parabolas having common focus the origin the 
coordinate system, order that the velocity the lateral flow, like that the 
radial flow, may properly zero infinity. This would accordingly modify 
the indicated outskirts the two-dimensional pattern, but would affect the 
streamlines the central flow wholly imperceptible degree. 


Through assumptions hydrostatic pressure distribution, dynamic simi- 
arity the diffusion process, and normal-probability variation the velocity, 
analytical expressions have been developed for the patterns mean flow within 
submerged jets from both slots and orifices. Measurements conducted the 
flow air different velocities from slots and orifices different sizes have 
been shown substantial agreement with the analytical relationships, 
and have provided the single experimental coefficient required complete the 
analysis the two-dimensional and the three-dimensional case. Algebraic 
expressions and plotted curves have been presented dimensionless form for 
the distribution velocity, volume flux, and energy flux the zone flow 
establishment and the zone established flow for each boundary condition. 
addition, qualitative treatment the variation mixing characteristics 
and generalized diagram the mean flow pattern have been given. All 
results are considered applicable for design purposes the flow any liquid 
gas moderate high Reynolds numbers. 
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DISCUSSION 


James Jun. ASCE.—The experimental program which 
this paper based was planned and executed very carefully, and seems 
justify the assumptions made deriving the formulas. the reader the 
paper, however, the final form the equations defining the characteristics 
the diffusion process appears dependent the authors’ third assumption 
—that the velocity distribution the diffusion region follows the normal error 
curve. Since semblance analytical proof offered for this assumption, 
the reader may have some reservations concerning the generality the subse- 
quent analysis. The following discussion will show that only the first two 
assumptions are necessary order carry through the analysis and arrive 
the same form the final equations. 

The first assumption made the authors—that the pressure hydro- 
statically distributed throughout the flow—is entirely justifiable. Theoretical 
considerations® indicate that the pressure differences arising the consequence 
the flow the y-direction are negligibly small, being the order magni- 
tude fraction the velocity head. The second assumption—that 
the diffusion process dynamically similar all sections the flow—is 
apparently justifiable consequence the nature the diffusion 
process. This second assumption can expressed mathematically 


which the velocity any point the cross section the flow that has 
Umax maximum velocity. The variable defined y/z. this 
discussion, defined the distance, transverse the flow direction, from 
the plane symmetry the two-dimensional case from the axis sym- 
metry the three-dimensional case the zone established flow. the 
zone flow establishment both jets, will measured from the inner edge 
the zone diffusion, for the sake convenience. The distance measured 
from the plane the slot orifice. The second assumption states that 
single function defines the velocity distribution the diffusion region for 
any value particular zone flow. the following development, all 
symbols and terminology will indicate the same quantities that they the 
paper, unless specifically noted otherwise. 

the zone flow establishment the two-dimensional jet (Fig. evalua- 
tion the momentum-flux integral (Eq. shows directly that 
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the discussion concerning both zones the two-dimensional jet, the follow- 
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ing designations will used, order simplify typography: 


0 


will noted that each these integrals has constant, dimensionless, value 
for assigned value is, for given velocity distribution. Thus 
Eq. shows immediately that 


Similar evaluation the volume-flux and energy-flux ratios (Eqs. and 
shows that 


and 


Differentiation Eq. 59a will yield the following equations for the lateral 
velocity considerable distance from the jet: 


Evaluation the ratio the zone established flow 
the two-dimensional jet shows that 
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Thus, 


which shows directly that the maximum velocity varies inversely the square 
root the distance from the orifice the zone established flow. The three 


The inner boundary the diffusion region thus shown plane and 
Umax Bo (62) 
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. . . . . 
remaining ratios are likewise determined 


the zone establishment the circular jet, evaluation the momentum- 
flux ratio will define the inner boundary the diffusion zone ellipsoid 
revolution, was the case the paper. This indicates that Eq. not 
satisfied, and consequently analysis the flow characteristics will made 
here for this zone. will shown, theoretical considerations indicate that 
similarity velocity distributions should not expected this zone. 

the zone established flow the three-dimensional (circular) jet, 
evaluation the momentum-flux ratio will yield 


0 


(Umax)? 
0.25 


which shows directly that the maximum velocity varies inversely the distance 
from the orifice. the discussion concerning the circular jet, the following 
designations will used: 


0 


which, before, the integrals have constant dimensionless value for 
given value The three remaining ratios are then determined 
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The same functional relationships derived the authors have been 
derived without the necessity assuming any specific distribution velocity 
the diffusion region. The only limitation imposed this velocity distribu- 
tion thus far that the defined integrals exist. One thus free choose one 
the calculated theoretical distributions, the sources which have been noted 
the paper, and, simple graphical integration, the constants the equa- 
tion can determined. 

The authors’ use the normal error curve can justified the basis 
its providing convenient arithmetic determination the constants the 
final equations. However, view the simplicity making the graphical 
integrations highly accurate, one permitted use analytically derived 
form the velocity distribution, which will allow the extension the theory 
boundary conditions other than those assumed the present derivation. 
Also, the use the error curve has the inherent weaknesses specifying that 
the turbulence generated the mixing extends infinity, and indicating 
rather erratic variation the mixing length (Figs. and 20). first dis- 
crepancy was pointed out when first postulated the use 
the error curve define the velocity distribution. 

The writer has evaluated the constants Eqs. using the velocity 
distribution that has been derived the basis the momentum transfer 
theory, assuming that the mixing length constant over any cross section.® 
The constants were evaluated for this distribution (Fig. 22) because, general, 
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seems follow experimentally determined distributions well as, better 
than, any other the analytically determined curves. addition, this dis- 
tribution such that there exists finite breadth outside which there 


«Uber eine neue Theorie der Freien Turbulenz,” by H. Reichardt, Zeitschrift fir angewandte Mathe- 
matik und Mechanik, October, 1941, pp. 257-264. 
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velocity the z-direction, thus simplifying the evaluation the integrals. 
The velocity distribution was analyzed completely Tollmien with the 
exception the determination single numerical constant each case which 
determined the ratio between the mixing length and the distance This 
constant was ascertained Mr. Tollmien two cases from rather meager 
experimental data. However, the excellent data presented the authors 
can used determine these constants, and the values and 
have been determined from the values 5.2 and 6.2 for the 
two-dimensional and three-dimensional cases, respectively. Mr. Tollmein’s 
was pointed out that the distance should not measured from the 
plane the orifice but rather from plane about two diameters distant from 
the orifice order that the profiles the zone established flow may 
identical when plotted dimensionlessly. However, large values the 
values would practically identical for either definition that was 
assumed that The curves were first drawn convenient 
scale and graphically integrated. The correct scale for was then deter- 
mined from Eqs. and 64, and the corresponding values and com- 
puted. Table the general form the equations are listed with their 
numerical values computed from the velocity distributions plotted Fig. 
and from the formula: 


which, simplify typography, 


Eq. obtained assumed that the velocity distribution follows the 
normal error curve. will noticed that the differences between the two 
sets equations (Cols. and Table are not large and might well fall 
within normal experimental error. 

the writer, one the most interesting aspects free turbulence the 
experimental verification, wide variety problems, the second assump- 
tion. However, has been shown analytically Keuthe’ that the 
assumption not valid the zone flow establishment the circular jet. 
(Mr. Keuthe’s excellent paper complete, but rather mathematically in- 
volved, theory concerning the zone establishment the circular jet.) 
can proved that the edge the orifice, the velocity distribution must 
the same that the zone establishment two-dimensional jet. From 
this distribution, there must gradual transition the distribution 
velocity the zone established flow from the orifice (Fig. 22). The equation 
the mean motion the circular jet 


The left side Eq. 69a expresses the acceleration and the right side the force 
per unit mass. and designating the radius the orifice 
unity, the equation reduces the equation the mean motion the two- 
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dimensional jet: 


the same mechanism turbulent shear exists both cases, the distribution 
velocity both the circular and two-dimensional jets must the same 
the point where mixing begins. This argument also seems valid intuitively 
since this point the breadth the mixing region infinitely small compared 
the radius curvature the orifice. The experimental data presented 
Fig. also bear out this argument. Close examination the plotted points 
will show that there definite tendency for the distribution vary with 
Points for smaller values have less flat distribution and indeed 
follow closely the authors’ equation for velocity distribution the zone 
establishment the two-dimensional jet whereas those points for larger values 
z/Do are approaching the curve for the zone established flow the 
circular jet. 

The final forms the equations presented Table are dependent the 
values determined for and and such should used with some 
discretion application where the distribution velocity the slot 
orifice not uniform. distribution velocity orifice corresponding 
normal turbulent profile might cause very significant shortening the 
length Since the formulas for the zone established flow from orifice 
are linearly dependent change 10% would cause equal 
change the discharge-flux ratio. The variation the constants with differ- 
ent inlet velocity distributions could quite easily determined from measure- 
ments velocity along the center line the jet, using the principles derived. 
Further experiments along this line would value determining the im- 
portance this factor. 


research constitutes remarkable experimental 
contribution the knowledge the diffusion process both two-dimensional 
and three-dimensional jets from slots and orifices. Especially important the 
fact that the devised equipment enabled the authors make observations 
cross sections considerable distances from the efflux section, where the values 
the velocity and kinetic energy the fluid are only small fraction the 
initial values. strict sense, the simple laws relating variations the 
longitudinal velocity component, the volume flux, and the energy flux can 
applied only the flow from infinitely small slots and orifices. The measure- 
ments reported the authors, however, seem indicate the possibility that 
the laws can extended jets having finite initial section. least, the 
similarity between the two cases reached asymptotically with increasing dis- 
tance from the efflux section, because, the region the jets near the finite 
initial section (extending somewhat beyond the region which the authors call 
flow establishment’’), the flow certainly governed more complicated 

The analytical presentation the experimental results interesting 
approach the problem synthesis. the authors acknowledge, their 
Asst. Prof. Hydraulics, Instituto Idraulica del Politecnico, Milan, Italy. 
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conclusions must considered only approximations, although the 
writer’s opinion they are reliable for practical purposes. They are based 
substantially empirical hypotheses, as, for example, the assumed distribution 
the longitudinal component the velocity, according the Gauss normal 
probability curve. Reichardt, who first proposed tries justify 
this distribution assumed analogy between the diffusion jets and the 
diffusion molecular agitation connected with heat transmission solids, 
which governed laws that can expressed through curves the Gaussian 
type. Mr. Reichardt shows inductively that, consequence the assumed 
distribution the mean longitudinal component velocity the turbulent 
shearing stress can expressed (in terms the mean elements the flow) 
the following formula for circular jets (for two-dimensional jets similar 
formula can established) 


which linear dimension proportional does not seem easy how- 
ever justify such expression theoretically. 

finds different distribution deduction from the well- 
known expression for given Prandtl, and also the assumption that the 
turbulent mixing length linear function only. The authors call 
attention the fact that make one another assumption about the de- 
tailed characteristics the turbulent flow pattern does not greatly affect the 
distribution the mean and this true for most turbulence problems, 
particularly for the one under discussion. This conclusion also reached 
proposes theory the two-dimensional jet based the hypothesis 
that the so-called kinematic eddy viscosity constant every cross section; 
and Mr. Moretti bases similar theories different assumptions. the other 
hand, even all the velocity distributions proposed the aforementioned 
investigations, and the distribution devised according the normal probability 
curve, are equally useful for supplying approximate interpretation the 
experimental results, the fact cannot disregarded that there exist between 
them some remarkable differences. remember this connection 
that, the two curves (that Mr. Tollmien and that normal probability) 
identified with the same volume flux are compared for circular jet, the first 
gives rise kinetic energy flux which only 87% that given the 

Concerning the comparison the different curves, interesting con- 
sider the respective values the Coriolis coefficient a—that is, the values the 
ratio between the kinetic energy flux the flow having velocity distribution 
according one these curves, and that ideal flow having the same 
volume flux and cross section, but with uniform velocity distribution. 
Fig. three curves are compared, with regard three-dimensional The 


eine neue Theorie der Freien Reichardt, Zeitschrift far angewandte Mathe- 
matik und Mechanik, October, 1941. 


von Aufgaben der freien Turbulenz auf Grund eines neuen 
Gortler, ibid., 1942. 
18 ‘Scie e getti piani turbolenti,”” by G. Moretti, Rendiconti, Accademia dei Lincei, 1946. 
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Tollmien curve, the normal-probability curve, and experimental curve ob- 
tained the average nineteen measurements mean veloc- 
ity distribution. The latter observations were made nineteen cross sections 
six different water jets, flowing from the same orifice into still water, with 
different values efflux velocity. For the first two curves the abscissa scale, 
first, indeterminate, depends (according the theory jets issuing 
from infinitely small source) upon constant, which must established 
experiment. This indeterminacy has been eliminated Fig. the require- 
ment that the three curves must meet the place (abscissa where the 
velocity reduced half the axial velocity. The values the Coriolis 
coefficient have been calculated for the three curves, taking into account, for 
each one, only the part the cross section covered the experimental curve. 
This was done for the two theoretical curves, attempt exclude the ex- 
ternal region the flow, which would have caused great increase the 
section area (infinite for the Gauss curve), whereas its effect the volume flux 
and the kinetic energy flux would have been negligible. The following 
values were obtained: 


Curve 
Normal 3.64 


This comparison demonstrates that the normal-probability curve good 
empirical representation the velocity distribution the diffusion zone jets. 
The results presented the paper lead the same conclusion. Naturally this 
does not apply the external region the diffusion zone, where the velocity 
values really decrease rather quickly toward zero. the writer’s opinion 
that this circumstance responsible for the appreciable discrepancy between the 
experimental values the volume flux plotted Fig. and the curve repre- 
senting Eq. 52, which was obtained the analytical integration the Gauss 
the kinetic energy flux, the agreement rather good because that 
factor depends the third power the velocity, that the external region 
contributes very little it. 

The following series numerical values, defining the writer’s experimental 
curve plotted Fig. 23, good agreement with the results his tests: 
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Duilio Citrini, Elettrica, August, 1946. 
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the writer’s opinion (although lack necessary numerical data prevents 
direct comparison) that this curve also provides very good interpretation 
tests presented the paper. 

the expansion the diffusion zone and the law decrease the axial 
velocity (the variations the volume and energy flux being direct conse- 
quence it), the analysis the authors seems have been guided criterion 
practical convenience, rather than theoretical exigence. Even accepting 
for the entire zone established flow the hypotheses that define diffusion 
along dihedron cone (respectively, for the two types jets studied), there 
does not seem any predictable reason why the edge the dihedron the 
vertex the cone should lie the efflux section. Possibly, this appreciable 
discrepancy between the analytical function and the experimental values 
(shown Figs. and 17) due also such assumption, whereas each 
group tests could interpreted more logically more suitable Gauss 
function, correlated more suitable law expansion the diffusion zone. 
order compare the writer’s tests three-dimensional jets, must noted 
that the Gauss function yields 


The value, 0.081, given the authors for the empirical coefficient that 
enters their theory, corresponds therefore the expansion law: 


the other hand, for the region farthest downstream the writer’s tests, the 
law— 


been found most suitable. This law does not differ greatly from the 
previous law (Eq. but places the vertex the diffusion cone somewhat 
farther than the distance downstream from the efflux section. Upstream 
from this region (that is, for approximately also for the entire 
region which the authors term “flow establishment,” the writer has found that 
the real expansion process much more exactly represented law para- 
type—that is: 


2 


Undoubtedly the Iowa experiments lead much greater values than the 
writer’s experiments. This due partly the difficulty measuring low 
velocities the water, and partly the limited dimensions the stilling basin 
used the writer his tests. this connection, the writer’s opinion (dif- 
fering somewhat from the authors’ view) that, the downstream region has 
greater theoretical meaning, owing its greater conformity with the assump- 
tions the theory, the upstream region, which has higher values velocity and 
energy far more interesting for practical purposes. This the reason 
that the writer has not derived law decrease the axial velocity the type 
Eq. (which undoubtedly much closer agreement with the theoretical 
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assumptions) but has preferred adopt the form: 


Vo Zz 

Eq. certainly has empirical but follow better the trend 
the real process, least for penetrations diameters less. 


NORMAL PROBABIL/TY 


Values 


> 
Values of Tos 


Fic. 23 


These differences concern only details, however, for all practical purposes, 
the authors’ and the writer’s formulas can considered perfectly equivalent. 
The comparison proves therefore that the results both groups tests are 
reliable, and that all the formulas proposed the paper can applied 
practical problems. 

interesting property, which should affect the stream surfaces for the 
circular jet, all the theoretical assumptions were fulfilled, that these sur- 
faces should mutually homothetical, the homothetic center being the 
vertex the diffusion cone. 
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thorough experimental study the mean flow 
fields submerged jets particularly interesting since the authors have 
extended the measurements extremely large distances along the jet axis. 
the introductory analytical part the paper, however, the authors have not 
explained which assumptions lead which results the integral computations 
width (c) and variation the downstream direction. Specifically, the 
assumption dynamic similarity alone does not give the linear spread jet, 
and constant cannot simply assumed. (For example, fully de- 
veloped two-dimensional laminar jet has dynamic similarity, and spreads 

The two assumptions (a) constant static pressure and (b) dynamic simi- 
larity both mean and fluctuating motions, together with the equations 
motion, yield simultaneously the results for and For example, 
consider the case the fully developed round turbulent jet. From the z-com- 
ponent the Reynolds equation, assuming constant— 


For turbulent flow, 


integrating Eq. from the axis and using the equation con- 
tinuity, conservation equation evolves for the rate flow momentum, 
analogous the well known “von integral 


0 


Eq. 75b expresses the rate flow momentum through all planes perpen- 
dicular the z-axis. 

independent integral relation can deduced multiplying Eq. 
before integrating. There results the equation for the conservation 
rate flow mechanical energy— 


The left-hand side Eq. (within the boundary layer type approximation) 
the z-rate increase the rate flow mean kinetic energy. The right- 
hand side the total rate which the turbulent shear stress does work the 
mean motion over cross section; thus, the rate which mean flow 
kinetic energy transformed turbulent kinetic energy—a 
form energy. 


Asst. Prof. Aeronautics, School Eng., The Johns Hopkins Univ., Baltimore, Md. 
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The assumption dynamic similarity requires that 
which 


(Of course, any characteristic lateral jet dimension may used reference 
length) and 


Substitute the similarity assumptions (Eqs. and 78) into Eqs. and 
obtain simultaneous equations for the two unknowns, and 


and 
dz max I; max) 


Eqs. 79, the symbols are pure numbers depending only upon the assumed 
dimensionless profile shapes: 


0 
0 
and 
Simultaneous solution Eqs. leads the required results: 
and 
2 


The constants integration have been made equal zero (arbitrarily) 


Jun. ASCE.—The simple, easily understood analysis 
submerged jets, presented this paper, should considerable value 
the engineering profession. The writer assisted the evaluation some 
the mathematical expressions and subsequently extended the study axisym- 
metrical jets investigating the Reynolds effect and the turbulence. the 
basis the material gained this study, revaluation certain results which 
the authors present appears warranted. 


Research Associate, Iowa Inst. Hydr. Research, State Univ. Iowa City, Iowa. 
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The authors’ assumption that the Reynolds effect negligible unneces- 
sary because the basic assumptions the analysis (constant pressure through- 
out, similarity velocity profiles, and constant spread the jet) not 


specifically involve the Reynolds number. The analysis should describe the 
flow any given Reynolds number where the assumptions are satisfied. 
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Thus, would appear that the method attack the general problem would 
investigate the flow pattern several different Reynolds numbers and 
note what ways the pattern changes the Reynolds number changes. 
the three main assumptions, the first (constant been checked 
theoretically and found satisfactory and the other two have 
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corroborated the writer: The similarity velocity profiles for con- 
stant Reynolds number shown Fig. 24, which gives the velocity profile 

The corresponding velocity distributions can expressed 


1.82 


These curves, plotted through observed are shown Figs. 24(a) and 
24(b), respectively. The linear spread substantiated Fig. 25, 


Vo 


Value of 


Value of 6. 


plot similar Fig. 15. Again, for constant Reynolds number the assump- 
tion appears satisfied. 

more rigorous mathematical analysis, assuming general velocity profile, 
also results Eqs, 23, 25, 27, 28, 30, and 32, thus illustrating the fact that the 
probability function not necessary assumption the analysis. However, 
the general case, the constants and are more,complicated and thus not 
convenient practical problems those derived with the probability 
distribution. The main part such analysis given Liepmann 
and for the two-dimensional jet and the writer for the three- 
dimensional This analysis shows that the bulk properties the flow 
can described the constant (or shown the special 

the Diffusion Submerged Jets,” Baines, thesis presented the State 


Univ. Iowa City, Iowa, August, 1948, partial fulfilment the requirements for the de- 
gree Science. 
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case the authors. This constant, the length the potential zone, 
physical property the jet that easy visualize and perhaps preferable 
C2, the constant appearing the equations. Thus, extending the 
reasoning that the analysis describes the jet any given Reynolds number, the 
effect changing the Reynolds number should described the variation 
(or 

Experimental verification the foregoing reasoning given Fig. 26, 
which the length the potential zone plotted function the Reynolds 
number. The data Fig. 26(a) were obtained using blower furnish the 


2 
air stream, for which the intensity turbulence, was 0.008 
0 


Reynolds number fluctuations were not completely random, 
because the blades the blower induced dominant turbulent frequency 
360 cycles per sec. The regularity these pulsations could easily noted 
placing the output hot-wire anemometer across oscilloscope and 
varying the sweep frequency. The data Fig. 26(b) were obtained with the 
air line used the State University Iowa, Iowa City, the source 
air. pressure this line was maintained constant 100 per in. 
motor-driven compressors. The intensity turbulence the jet mouth 
this case was 0.004 Reynolds number and appeared 
randomly distributed. The effect neglecting viscous shear should less 
the Reynolds number increases, and, hence, the data these two figures 
should approach asymptote large values. Fig. 26(b) the data appear 
doing so, but the trend not definite enough conclusive. 
asymptote could drawn Fig. 26(a) limitations the blower prevented 
extension into this range. The data Figs. 26(a) and 26(b) agree for low 
Reynolds numbers; but above there steadily increasing devia- 
tion. longer potential cone was obtained with blower than with the air 
line. This may the result the regular fluctuations forming ring vortices 
the mouth the jet. ring vortices tend persist, they would prevent 
the formation smaller, random eddies the zone high shear. With the 
air line, the spread the jet should caused eddies random size and 
occurrence forming the high shear zone. 

The effects the Reynolds number and the turbulence the issuing stream 
can noted the authors’ results and those other investigators. The 
and and tests the velocity distribution downstream from 
6-in. bellmouthed opening mounted the small wind tunnel the Iowa 
Institute Hydraulic Research, Iowa City, are plotted Fig. for com- 
parison. regular fluctuations could expected, the results would plotted 
Fig. 26(a); not, they would plotted Fig. may noted 
that Mr. Corrsin also observed the regular fluctuations the velocity the 
jet mouth, presenting oscillograph,” similar that which the writer ob- 


%‘‘Om beregning af Indblaesningsdbiniger,”” by Poul Becher, I Kommission Hos Jul. Gijellerups 
Forlag, Copenhagen, 1949. 
Development Turbulence Pitot for Use Water,” Appel, thesis presented 


the State Univ. Iowa City, Iowa, June, 1949, fulfilment the requirements for 
the degree Master Science. 
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served. Considering the scatter the writer’s data and the unknown turbu- 
lence conditions the other cases, the agreement between various investiga- 
tions surprisingly good. the investigations show the definite lengthening 
the potential cone with increasing Reynolds number. 
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The authors’ assumption constant momentum flux was corroborated 
the writer’s measurements. This illustrated computing the length the 
potential cone from the velocity profiles, Fig. 24, using Eq. and comparing 
the result that obtained direct measurement. This computation gave 
values 5.76 and 6.90 from the empirical curves Figs. 24(a) and 
respectively. These values are close the values obtained: from Fig. 25, 
which are 5.7 and 7.0 for corresponding Reynolds numbers. should 
noted that the scatter the experimental points Fig. result the 
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Reynolds effect. The lack this the writer’s data thus makes the 
corroboration the momentum assumption more definite. 

The turbulent properties the flow are great theoretical importance 
because they give insight into the general turbulent flow the 
authors’ simple analysis the turbulence, the equations relating the shear 
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the mean flow pattern—Eq. and the corresponding one for axisymmetric 
flow—are fundamental. anticipated, ‘therefore, that good agreement 
between the properties derived these equations and the experimental values 
should exist. Fig. the measurements turbulent shear which the writer 
made with hot-wire anemometer are presented. ‘These consist 
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profiles this zone. The experimental points, however, not follow the 
shear profile computed the equation corresponding Eq. large 
discrepancy, which also has beem noted Mr. was probably the 
result combination inaccuracies the mechanical setup and the 
evaluation calibration constants the writer’s experiments. 

clearer understanding the turbulence may gained considering 
from the viewpoint two the turbulence theories. The authors’ use the 
Prandtl mixing-length concept not practical significance since the quan- 
tities derived cannot measured directly. Consideration the problem 
the light the statistical theory turbulence not too satisfactory since the 
properties the turbulence cases nonisotropic flow not naturally follow 
the same definitions are being used isotropic turbulence. The intensity 
and shear have the same definition each case but have three nonequal com- 
ponents nonisotropic flow. mixing length defined the the 
correlation curve difficult use for two reasons: (1) present, correlation 
coefficients cannot measured the double-wire, hot-wire technique unless 
both wires are the same mean velocity zone; and (2) the abscissa the 
correlation curve should follow either the fluid particle its motion path 
perpendicular it. first case, this would mean following streamline, 
which usually difficult the eddy viscosity, 
defined the coefficient diffusion point, suffers from the same lack 
natural coordinates. quantity great importance, and would 
retain the same definition, the size the smallest The size and 
distribution would indicate the manner and rate dissipation turbulent 
energy. Unfortunately, satisfactory method measuring this quantity 
was not available the 

The qualitative pattern the turbulence can deduced from oscillographs, 
however. Upon moving through the shear zone lengthwise down the jet, 
was noted that the frequency the turbulence was very high near the mouth, 
and that decreased the distance increased. traverse taken radially 
outward from any point the zone established flow illustrated the transition 
the flow from turbulent laminar. This progresses from pure 
turbulent flow the central core the jet, through annular transition zone 
which the flow neither laminar nor turbulent, region laminar flow 
that extends infinity. The oscillograms these zones are sharp-peaked 
waves high frequency passing more rounded wave forms longer periods, 
finally becoming slow, easy undulation the laminar regions. 

The authors’ assumption that and v’, are proportional deriving the 
Fig. from the velocity profile does not seem valid for the 


following reasons: direct.result this assumption that there similarity 
the radial distribution the intensity turbulence. Inspection Fig. 
shows that similarity intensity profiles fact only when 20, 
whereas the velocity profiles are similar for Making use the 
foregoing assumption and the shear profile Fig. 27, the theoretical curve 
(similar the curve Fig. 20) plotted Fig. was obtained. order 


“Statistical Theory Turbulence,” Taylor, Proceedings, Royal Soc. London, Series 
Vol. 151, 1935, pp. 421-478. 
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agree with the experimental points, would have about four 
Thus the assumption perfect correlation does not seem valid since 
these quantities have not borne out this proportionality. 

Problems requiring detailed examination submerged jets have con- 
fronted the civil engineer only recently. For many years rough approxima- 
tion the characteristics jets was sufficient for design purposes; but recent 
times the design stilling basins for large dams has necessitated detailed 
study the properties jets. This has been accomplished mainly hy- 
draulic models, has the companion problem the scour caused high- 
velocity flows. noted that the latter simply study the effects 
submerged jets sediment. Since reasonable and workable design 
structure possible only when the engineer intimately acquainted with the 
phenomena involved, this paper should greatly assist the designer the afore- 
mentioned types structure. the usual case, the Reynolds number 
the same order those the experimental investigations reported the 
authors, that the designer free further assumption. Thus, the 
writer’s opinion that this simple, direct analysis submerged jets should 
great assistance engineers the future. 

Acknowledgment.—The investigations reported herein were conducted 
the Iowa Institute Hydraulic Research under the auspices the Bureau 
Ships and the Office Naval Research the United States Navy, and the 
Department Mechanics and Hydraulics the State University 


ASCE.—Submerged jets water are practical 
importance because their use underwater spilling through dams and 
powerhouses. For this reason large-scale tests were made the Croton Dam 
the Muskegon River Michigan 1915. Based the results these 
tests, the Mio, Hodenpyl, and Hardy dams the Ausable and Mus- 
kegon rivers Michigan have been provided with underwater spilling tubes. 
The northern part the southern peninsula Michigan covered with glacial 
drift, which causes fairly uniform runoff conditions. The application spill- 
way tubes through the powerhouse therefore enabled reduction cost 
entirely partly eliminating overflow spillway. 

Considering that the tests reported this paper were made very small 
scale and with air, not surprising find that tests with water jets, having 
velocity per sec issuing from nozzles from in. in. diameter 
and discharging with the top in. under the water surface, would give results 
wholly different from the authors’ findings.. Instead the Reynolds number 
the Froude number used, because the close proximity free 
surface, thus calling the influence 

The pattern flow resulting was wholly different from that reported 
the paper. The jet diffusion shown Fig. (rectilinear diffusion under 
constant angle) was completely absent. Instead, flow pattern appeared 
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which was quite similar the well-known streamline pattern into Borda 
mouthpiece: 


and 


This shown plainly Fig. which shows discharge (no baffle) from 
nozzle, with the gate fully opened. The water-surface elevation was 
93.2; the the top the nozzle, 91.8. The effect the wind 
producing ripples away from the nozzle apparent. 


Wee 


a. 


The conclusion that “All results are considered applicable for design 
purposes the flow any liquid (under the heading, 
not confirmed. The small scale, the use air instead water with the 
resulting seale effect, and the absence free surface contribute the com- 
plete dissimilarity the results. 

The large-scale tests were made siphoning 30-in. steel penstock over 
earth dam adjoining the powerhouse the Croton Dam. The nozzles 
varied diameter from in. in. and operated under gross head 
ft. This shown Figs 29(b) and 29(c). The elevation the nozzle was 
such that the jet became submerged about because the rise tailwater 
after the units the powerhouse were opened wide, 


a 
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The theory proposed the authors, following previous investigators such 
“Statement the that the sole effective force [of the jet] 
was the tangential shear.” The large-scale tests with water Croton Dam 
led opposite conclusions. There much kinetic energy the jet that 
the tangential shear around its circumference minimal comparison. The 
writer concluded that the decelerating force the reaction and équal twice 
the head. This was satisfactory agreement with the test results. 
The kinetic energy finally consumed the tangential shear the resulting 
turbulence. 

The submerged jet and the hydraulic jump are the same; with rising tail- 
water the jump finally converted into the submerged jet. The theory the 
jump does not consider all the sole decelerating force the tangential 
shear (under the heading, the whereas appearance 
the turbulence the jump greater than that the submerged jet. Test 
results show that both cases the deceleration occurs about the same 
distance. will necessary bring both theories into satisfactory agree- 
ment with each other, inasmuch the only difference between the two phe- 
nomena the elevation the tailwater. 

Fig. shows 12-in. jet issuing velocity per sec depth 
in. under the water surface, looking down the surface. This surface 
was entirely unperturbed, the jet hole through the surrounding 
water. Sitting rowboat, the bottom which was only few inches over 
the jet (Fig. 29(d)), the writer could not notice any evidence betraying the 
close proximity submerged jet issuing per sec. 

The turbine discharge, shown Fig. 29(d), smooth water upstream from 
the jet, flows right angles over the jet were solid log lying the 
water. The jet acts like weir, under and over which the turbine discharge 
flows right angles. There was not the slightest indication straight-line 
diffusion cone accordance with the theory propounded the paper. the 
contrary, the spreading curvilinear and quite rapid, accordance with 
deceleration the reaction force; the jet suddenly breaks through and spreads 
all directions following approximately the pattern the Borda mouthpiece. 
The authors’ dimensionless graphs, therefore, are not agreement with these 
tests. 

These large-scale experiments were used the design apron protection 
for four hydroelectric plants which were placed soil foundations. The 
the Hardy Dam, operates under head 100 and has been 
operation since 1938. The submerged jets discharge under the hydraucone 
plate the turbine units. 


Jun. ASCE.—The value this paper lies not only 
the specific results obtained, but the method attack, which may 
applied with modification necessary submerged jets different nature 
and application. For instance, one the specific examples referred the 
authors, from submerged sluice gate, cited for comparison. The 


Instr., Civ. Eng. Dept., Georgia Inst. Technology, Atlanta, Ga. 
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upper limit submergence sluice gate (that is, infinite vertical extent 
tailwater) may represented substituting boundary for the plane 
symmetry the completely submerged two-dimensional jet shown Figs. 
and 21, whereas the lower limit represented free hydraulic jump 
forming this boundary downstream from the efflux section. far the 
majority cases involving flow under sluice gate occur nearer the limiting 
case the free jump: Fig. represents, schematically, typical intermediate 
condition. 


Energy; 
He_ Expended as heat 
Hz Lost to mean flow 


turbulence 


2 2 


The authors’ investigation serves indicate the flow pattern for conditions 
approaching the upper limit. the other hand, lower degrees sub- 
mergence, the proximity the free surface cannot ignored: The new 
effects introduced are: (a) definite gravitational effect evidenced 
the depression the surface indicated Fig. 31, and which may considered 
the analysis the inclusion Froude number; and (6) the limiting the 
fluid downstream from the efflux section finite vertical extent which calls 
for variable describing the relative depth the tailwater. The foregoing 


opening the tailwater depth; the mean flow per unit width 
gate opening; and the acceleration gravity. Hence, when modified 
apply two-dimensional flow from submerged sluice gate, the formula for 
velocity any point the flow (Eq. would take the form: 


which the mean velocity the gate. 
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Eq. and the reasoning leading this equation indicate that orderly 
method determine experimentally the effect proximity the free surface 
would investigate the flow phenomena with systematic variation 
The writer has conducted series tests examine the mean flow 
pattern and the intensity turbulence (v’, the root-mean-square the velocity 
fluctuation) for the three conditions holding 2—namely, t/B 3.35, 
and The results are presented Figs. 32, 33, and 34. The first value 
t/B was necessary for the formation free jump the vena contracta; the 
other values were chosen indicate the effects increased submergence. 
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h/B = 6.35; Ce = 0.60; anp Cg = 0.561 


enlightening consider the effect submergence from the standpoint 
the discharge characteristics the gate. Simultaneous consideration 
and the headwater depth, leads the expression: 


whenever appears any functional expression, Eq. 84, may re- 
placed h/B. Hence, the variation and h/B various degrees 
submergence should noted. dimensionless expression for the experi- 
mental determination this variation 


The discharge characteristics sharp-edged sluice gate, determined 
experimentally the writer, are shown the solid curves Fig. 35. The 
center-line curves, lines constant were computed according Eq. 85. 
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Fie. 33.—Parrerns ror t/B = 4; Fg = 2.0; h/B =7.95; anp Ca = 0.501 


A 


0 2 a 6 8 10 — = “= 3 24 26 28 30 32 34 3% 
(c) Distribution intensity Turbulence Values 
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The three solid points represent values which the patterns mean flow 
and turbulence were investigated, and serve indicate clearly the change 
degree submergence. 

The experimental trend the curves, versus h/B, Fig. was verified 
approximate theoretical approach, utilizing the authors’ assumption 
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hydrostatic pressure distribution throughout the flow plus the assumptions 
(see Fig. 31): energy loss between sections and uniform velocity dis- 
tribution sections and and, the vena contracta (section 2), zero 
velocity the roller and uniform velocity the jet. The energy relation 
between sections and and the momentum relation between sections and 
allow the following equations written: 


and 


Values 
Experimental 
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given the resulting forms Eq. for and for free discharge 
(assuming 0.6) are plotted Fig. the dotted curves. The dashed 
curve represents the results applying, for the formula: 


Ca = C. 1-- 


which really the limiting form Eq. the depression the water surface 
decreases and approaches 

The writer’s data were obtained the laboratory the Iowa Institute 
Hydraulic Research (State University Iowa, Iowa City), using sharp- 
edged sluice gate 1-ft flume which received water from constant-head 
tank. Velocities were determined pitot tubes the Prandtl and cylindrical 
type, the latter being used regions inclined flow. The fluctuations 
velocity due turbulence were determined turbulence (capable 
indicating only component), especially constructed the 
Iowa Institute for such measurements water. The results investigating 
the internal flow phenomena are shown Figs. 32, 33, and 34. The basic 
data these diagrams are the surface profiles, the velocity distributions, and 
the distributions the intensity turbulence. All other data are computed 
from them. compared Figs. and 21, Figs. 32, 33, and indicate 
vividly the effect the proximity the free surface. 

direct result limiting the vertical extent the fluid, three basic 
changes occur the flow phenomena: 


(1) The discharge volume flux past successive sections perpendicular 
the jet, instead increasing continually according Eqs. and 44, must 
constant and equal the discharge the gate—that is, 


which the depth any section; 

(2) direct consequence item (1), fluid undergoing the induced 
motion because the accelerative action the jet must replenished 
return flow both and near the surface, forming what termed the 
and 

(3) The vertical expansion the jet does not continue indefinitely but 
limited the intersection the uppermost streamline the jet with the free 
surface. Inasmuch the free surface line constant pressure, this 
intersection must right angles, necessitating curvilinear pattern 
jet diffusion instead the linear pattern indicated Figs. and 21. The 
“nominal boundary the jet,” indicated the authors, corresponds 
closely the lines zero horizontal velocity Figs. 33, 34, and 35. 


The depression and unevenness the surface, due the gravitational 
effect, make invalid the reasoning leading Eq. Rather they lead the 


Evaluation Several Experimental Methods Measuring Turbulence Flowing 
by P. G. Hubbard and J. 8. Norton, Report No. 2, rept. pre by the Iowa Inst. of Hydr. Researe 
for the Office of Naval Research under contract N8onr-500, February, 1949. 
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constancy the sum pressure forces any vertical section and the flux 
the longitudinal component momentum the same section. Again, 
using the authors’ assumption hydrostatic pressure distribution (which 
the only one the three original assumptions that could reasonably apply 
flow conditions with finite tailwater depth) and letting represent the in- 
dicated sum, the following relation may written: 


d 


which the specific weight water. The subscript Eq. applies 
uniform tailwater conditions. 

Actual values the ratios presented Eqs. and have been computed 
from the experimental data and appear above the mean flow patterns. The 
constant value unity indicated; the variations are doubt due part 
air entrainment and accelerative forces within the roller. 

With the complex flow pattern exhibited downstream from submerged 
sluice gate, one could not expect relations the nature Eqs. and 
represent energy flux any section. Instead, the writer has shown variation 
total head, plotted above the mean flow patterns, computed from the 
experimental data follows: 


Here the authors’ assumption hydrostatic pressure distribution again 
utilized. 

any section the energy lost the mean flow, referred the energy 
the efflux section, the sum the kinetic energy turbulence and the 
energy expended heat over the preceding distance. This the relation 
indicated the authors (under the heading, ‘‘Statement the 


the kinetic energy the oncoming flow steadily [is] con- 
verted into kinetic energy turbulence, and the latter steadily 
through viscous 


This may expressed the equation: 


which the energy lost the mean flow; the kinetic energy 
turbulence; and the energy already expended heat. This relation 
represented schematically Fig. 31. 

The actual values were computed from the experimental data the 
following equation: 


Eq. the assumption equal turbulence components the three coordi- 
nate directions has been made. The values computed were too small 
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allow satisfactory representation indicated Fig. 31, necessitated 
expanded scale plotted Figs. 32, 33, and 34. The discovery that the 
energy the turbulence, which involved great dissipation the mean 
flow energy, the order only great the total energy lost was one 
the most interesting results the writer’s experiments. 


allow rapid and vivid comparison, (the rate which energy 


lost the mean flow) was obtained graphically the slope the total head 
line and plotted the same set Hr. Because the smallness 
this rate represents essentially the rate that energy converted into 
heat. the scale the smallest turbulent eddies were constant throughout 


the flow, and should attain maximum values identical 


Since the writer had way determining the scale, such statement cannot 
made. The problem energy dissipation due turbulence will not 
completely solved until the discovery some method evaluating the size 
these smallest eddies. 

The writer has concluded that the method experimental attack 
applied the paper great value investigating any type submerged 
jet. only behooves the investigator recognize such factors the dissimi- 
larities resulting from boundary conditions, and modify the approach 
accordingly. 

Acknowledgment.—This discussion based thesis the and 
part the data for the mean flow patterns for 2.00, and 
t/B were obtained from thesis Liu.™ 


ASCE.—Among the six published discussions may found 
essentially all the features that make such discussion worthwhile: Alternative 
methods analysis, which either simplify shed further light upon the 
problem; corroborative well supplementary experimental data; applica- 
tion the general method different boundary conditions; and—although 
itself hardly contributory—the inevitable question the usefulness 
the results. 

Since, was indicated the references cited, the investigation sub- 
merged jets was means originated the writers, perhaps rephrasing 
the objective the paper order. The manuscript was prepared 
effort present hydraulic engineers, simplified yet systematic manner, 
the essential mean flow characteristics jet diffusion. The probability func- 
tion, which represented the simplest analytic approximation the writers’ 
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plotted data, was introduced for the sake mathematical convenience. 
were the results—particularly with regard details the zone 
establishment and the derived turbulence functions—stated exact, 
sinee precision such details was purposely sacrificed emphasize the primary 
similarity the over-all picture. 

only one respect the writers fear that their objective was far from 
achieyed. the effort familiarize engineer with the basic 
aspects jet diffusion, insufficient emphasis appears have been placed 
the fact that the actual form the flow pattern must expected vary 
considerably with the boundary geometry. The limiting case the infinite 
fluid was chosen illustrate the principles involved, and, hence, direct applica- 
tion the results obtained requires that the boundaries question approxi- 
mately comparable. the other hand, although pronounced departure 
from the assumed conditions—as represented, for example, pipe expansion 
requires further experimental tests, the fact remains that essentially 
the same general method analysis will apply. 

Messrs. Holdhusen and Corrsin rightly contend that the writers’ specific 
assumption the Gaussian probability function not essential the develop- 
ment—provided, one miust note, that some known relationship for the velocity 
distribution hand. Whether this relationship mean curve drawn 
through plotted data,.or algebraic approximation thereof, obviously makes 
difference. Surely the experimental plots would have sufficed had 
simple relationship been available, just.as simpler mathematical relationship 
providing still better approximation would have been even more desirable. 
The probability curve commonly used turbulence investigations, however, 
and simpler and closer approximation the data presented unknown 
the writers. Furthermore, the point must emphasized that the experimental 
scatter the writers’ data was due considerable measure their fully 
generalized method plotting; that is, all measured velocities for each zone 
flow were included single composite plot terms the independent 
quantities Lo, and rather the more favorable (and customary) 
form their ratio the dependent variable The latter type plot, 
presented Mr. Fig. 24, shows beyond doubt that the Gaussian 
function itself very close approximation actuality. 

Mr. Holdhusen’s more general method analysis and his tabulation 
results from several alternative very helpful, provided that the 
impression not received that the momentum analysis leads any closer final 
numerical values than the others. His plotted curves, like those Mr. 
Citrini, permit further over-all comparison the various functions. Mr. 
Citrini’s investigation the Coriolis coefficient interesting sidelight 
the problem; however, such evaluation would appear more pertinent 
the case jet diffusion bounded fluid, since only then the mean velocity 
significant parameter. 

Mr. Corrsin’s alternative analysis the diffusion mechanism not only 
beautifully concise, but also discloses Eq. very fundamental expression 
the rate which energy transferred from the mean flow the turbulence. 
Mr. Corrsin rightly contends that the assumption dynamic similarity 
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the velocity profiles not itself sufficient reason for the linear spread the 
jet, since the inherent constancy the momentum also requisite 
this condition. This reveals misstatement the lines following Eq. 
which should revised read: the constancy the momentum flux 
together with the similarity the velocity profiles successive sections will 
found require that: (Eq. 9). That is, the jet will spread 
linear rate defined the constant C.” With regard the great discrepancy 
between the values the lateral components determined from continuity 
requirements and from the angularity measurements, the writers are disap- 
pointed that neither Mr. Corrsin nor the other discussers suggested possible 
explanations. Since the writers themselves could find further clue, the 
matter unfortunately remains unclarified. 

Very essential contributions are made Mr. Baines his evaluation 
the Reynolds-number effect and his measurements the intensity tur- 
bulent shear and the turbulence itself. Although measurements the latter 
types have been published elsewhere, those included his discussion represent 
supplementary phase the original experimental project. far the 
writers know, investigation the extent which the Reynolds number 
enters the problem had not previously been made, and the influence fluctua- 
tions the oncoming flow had not been determined. These factors, without 
doubt, have been the cause many discrepancies experimental data. 

The probability that the channel boundaries had some influence Mr. 
Citrini’s experimental indications considerable distances from the efflux 
section mentioned his discussion, and for several other reasons ex- 
presses greater interest the intermediate region. matter fact, 
this very factor relative boundary effect which determines the limit 
applicability the results presented the paper. the fluid body into 
which jet issues large all directions, the results will apply over con- 
siderable distance; the fluid body limited extent, the region safe 
application will also limited proportionately. Since the region approxi- 
mate applicability and the surrounding region boundary influence may 
considered roughly the same order, obvious that boundary spacing 
which not many times the dimension the efflux section will finally reduce 
the zone which the boundary effect negligible the immediate vicinity 
the issuing jet. 

The type jet which Mr. Streiff claims bears little resemblance that 
investigated the writers seems typical case mixed boundary 
geometry. the one hand, the efflux section lies only few diameters from 
longitudinal boundary (the free surface), which necessity ehanges the local 
diffusion and entrainment pattern. the other hand, the jet appears 
directed against opposite wall which not sufficiently distant for the re- 
sulting deflection and return flow negligible. Nevertheless, the writers 
cannot agree that Mr. Streiff’s observations indicate complete dissimilarity 
between the two cases, since appears have made observations the 
more nearly comparable regions—that is, the relatively unconfined zone 
below the jet. 


Mr. initial thesis that small air jet air and large jet under 
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water are inherently different contention the type that has been dis- 
proved regularly fluids research. The only known limits similarity, for 
comparable fixed boundaries and Reynolds’ numbers, are those sonic effects 
air and cavitation effects water. His belief that the Froude number, 
rather than the Reynolds number, which governs the flow pattern water 
correct only far the wave action the vicinity outlet near 
the surface concerned—and even then the wave pattern and the flow 
pattern must not confused. There is, moreover, physical basis for the 
statement: much kinetic energy the [water] jet that the tan- 
gential shear around its circumference minimal Mr. 
Streiff mistakenly presumes that the shear question that purely laminar 
flow. type turbulent diffusion the turbulent shear plays the dominant 
internal role (see Mr. Corrsin’s Eqs. 76) and only when integrated 
beyond the zone diffusion (as the writers’ analysis the customary 
momentum relationship for the hydraulic jump) that the shear terms become 
replaced external characteristics upon which they depend. What Mr. 
Streiff means not clear. 

shown Mr. Henry’s correct analysis the diffusion below partly 
submerged sluice gate, the fully submerged jet and the free hydraulic jump 
are (Mr. Streiff’s implication the contrary) means identical, repre- 
senting they the two distinct limits continuous change boundary 
geometry. theory such that proposed Mr. Streiff for the submerged 
jet hydraulic jump cannot brought “‘into satisfactory agreement” with 
the writers’ analysis, since the limiting case from one depth 
another depth under gravitational action similar that the jet submerged 
infinite fluid only the extent that both involve turbulent shear and 
both are subject the same basic principles continuity, momentum, and 
energy transformation. 

Mr. Henry’s illustration the methods whereby these principles may 
applied boundary conditions other than those discussed the writers 
most gratifying. His contribution formed, fact, still another phase the 
original project, which the time writing being extended the case 
abrupt conduit expansions Although, because instrumental 
limitations, Mr. Henry’s measurements turbulence must regarded 
qualitative rather than quantitative, they nevertheless show the correct order 
magnitude and such represent the first published data known the 
writers for the conditions question. That the kinetic energy the tur- 
bulence small comparison with the energy thereby dissipated full 
accord with measurements made other studies turbulent 


** “Characteristics of Mean Flow and Turbulence at an Abrupt Two-Dimensional Expansion,” by 
H. C. Hsu, thesis presented to the State Univ. of Iowa, at Iowa oy, Iowa, in February, 1949, in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy. 
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APPLIED COLUMN THEORY 


SyNopsis 


The generalized Euler equation (involving the tangent modulus) used 
basis for column strength analysis. The influence the shape the stress- 
strain diagram shown nondimensional column curves and envelope 
formula derived. The effects initial eccentricity are investigated inter- 
action curves for combined bending and compression. Correction test data, 
end fixity effects, and optimum design columns are discussed briefly. 


The failure members under compressive loading has long been subject 
great interest the structural engineer. aircraft structures the phe- 
nomenon instability the basis for many strength calculations, because 
nearly all the structure critical under some design condition that causes 
compressive loads. The demand for minimum structural weight has had two 
important effects—it has forced the aircraft designer use special 
has raised the level design stresses well beyond the proportional limit, into 
the inelastic range. This combination circumstances has made necessary 
abandon many the formulas and methods that were satisfactory for 
heavier types construction. 

The search for more rational methods leads the investigator backward, 
chronologically, the year 1757, when Leonhard Euler published his famous 
treatise the strength columns. The following quotation taken from 
the Euler paper Van den Broek, ASCE: 

“To begin with should indicate that this moment not limited 
elastic bodies, among which have good reason doubt that columns 


could concerns essence force which any body resists 
change curvature, and totally immaterial whether such body after 


Nore.—Published in June, 1949, Proceedings. Positions and titles given are those in effect when 
the paper or discussion was received for publication. 
1 Consultant, The Rand Corp., Santa Monica, Calif.; Lecturer, Univ. of California, Los Angeles, Calif. 


the Strength Columns,” Euler, translation Van den Broek, American 
Journal of Physics, July-August, 1947, p. 3 
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flexure endowed with force re-establish its original shape not. For 
this reason might preferably designate this moment stiffness moment 
(moment roideur) because occurs all bodies that resist whether 
they are elastic not.” 


The “moment” which Euler referred was designated him 
the product the modulus elasticity and the square the shape parameter. 
Today the product and the moment inertia replaces the 
Euler formula. 

The foregoing quotation shows that Euler did not intend restrict his 
formula the elastic range. Because Young’s modulus and the tangent 
modulus were unknown Euler’s time, could not have been more specific; 
but left the door wide open for general interpretation the term 

Since usually considered constant (up certain stress), Euler’s 
formula ‘is restricted the elastic range. 1889, Engesser published 
which suggested that considered the slope the compres- 
sive stress-strain commonly called the modulus.” (In 
letter the writer, Theodor von ASCE, noted that had inde- 
pendently made similar suggestion early paper written Hungarian). 
Several investigators later pointed out that this theory would not account for 
the fact that, when the strains are decreasing one side the column, during 
bending, the stresses will decrease rate given the elastic modulus, 
1909, Mr. von made thorough analysis column action and 
performed some very careful experiments, which the double-modulus (or 
reduced modulus) theory was apparently substantiated. 

The writer has that the tangent-modulus theory actually correct 
for predicting the load which buckling perfect column will begin and 
that the double-modulus theory gives the upper limit for the load the bend- 
ing increases. Mr. von own interpretation clearly indicated 
the following excerpts from his discussion one the writer’s 


the first equilibrium bifurcation from the straight equilibrium 
configuration occurs load given the Euler formula when the Young’s 
modulus replaced the tangent modulus. The definition the 
stability limit must revised for nonreversible processes. Although 
the Euler formula with the tangent modulus does not, general, give the 
maximum axial load which the column can subjected without large 
deflection, conservative and therefore advisable use this formula for 
practical computation column loads. have shown paper 
1909, also the load deflection curve that starts from the upper limiting load 
general soon assumes negative slope. Consequently, difficult 
determine the actual peak the will certainly between 
the two values that correspond the tangent and the reduced 
These two values can respectively designated the lower and upper 
limits the critical load.” 


Zeitschrift fur Architektur und Ingenieurwesen, 1889. 

Theodor von Forschungsarbeiten No. 81, 
Berlin, 1910. 
Column Shanley, Journal the Aeronautical Sciences, December, 1946, 


Column Theory,” Shanley, ibid., May, 1947, 261. 
Tbid., p. 267. 
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The generalized Euler formula (which should perhaps designated the 
Euler-Engesser formula) may now written 


which axial load the column; the tangent modulus; and 
the length for column with pinned ends. (The effects end restraint are 
discussed Section 8.) 

obtain the average axial stress corresponding the load Eq. 
divided the cross-sectional area: 


which defines the least radius gyration. 

The following statement may used basis for further discussion: The 
generalized Euler equation gives the load which perfect column will begin 
bend. 

The word used describe hypothetical centrally loaded 
straight column uniform cross section and homogeneous material properties. 
should noted, too, that only primary bending failure involved, not the 
bending that would result from local instability failure. The statement takes 
care another point that has sometimes caused confusion. well known 
that, the elastic range, the buckling load not constant but increases with 
increasing deflection. fact, for very large deflections the load required 
maintain equilibrium may considerably greater than the Euler load. 
the inelastic range, too, possible for the column load exceed the load 
given the tangent-modulus formula, previously noted. both these 
cases, however, the generalized Euler formula correct for predicting the load 
which bending (or buckling) begins. 

There are now two questions answer: 


(a) Shall the theoretical load which bending perfect column begins 
taken the upper limit for structural design? 

(b) How this load further reduced various imperfections that may 
exist the actual structure? 


should not difficult agree the answer the first question. 
the elastic range the column load will not exceed the Euler value any appre- 
ciable amount until the bending deflection becomes quite large.* the in- 
elastic range the increase beyond the Euler value will depend the variation 
the tangent modulus with increasing stress. the highly curved region 
the stress-strain diagram (sometimes termed the knee) the tangent modulus 
drops very rapidly with increasing stress (shown subsequently Fig. 5); 
consequently very little increase load would obtained. the so-called 
plastic range, beyond the knee the diagram, the tangent modulus usually has 
relatively low value and does not change rapidly with increasing strain. The 
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maximum column load will therefore approach that predicted the double- 


modulus which permits relatively large increase for low values 
doubtful whether any structural engineer would wish take advantage 


this factor actual design, because this region increase stress will 
involve large amount permanent set. seems logical, therefore, regard 


the beginning the bending perfect column the upper limit for struc- 
tural purposes. 
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Figs. 1,‘ and show how test data compare with the generalized Euler 
equation. denoted the caption, the specimens for Fig. were steel, 
rectangular cross section, and were loaded through knife-edges. (The 
tangent-modulus column curve has been added.) The test points approach 
the double-modulus curves more closely the region that lies well above the 
proportional limit. Mr. Van den Broek’s were made with square bars 
24ST aluminum alloy (see Fig. 2), using spherical steel loading blocks. (The 
symbol denotes trade designation which the alloy commonly 
recognized. the drawings, stresses are abbreviated ksi for kips—or thous- 
ands pounds—per square inch, and psi for pounds per squareinch.) Fig. 
shows the results tests made the Research Laboratories the Aluminum 


Double-Modulus Theory Column William Osgood, Civil Engineering, March, 
1935, p. 174, Fig. 2. 


Formula for Materials Variable Modulus,” Van den Broek, The Engineering 
Journal, December, 1945, p. 772. 


and M. Holt, Technical Paper No. 1, Aluminum Research Laboratories, Pittsburgh, Pa., 1938. 
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Company America, Pittsburgh, Pa. The specimens were aluminum 
alloy round cross section and were tested with flat ends (in these tests 
fixity coefficient was developed). 

would possible devote the remainder this paper the reproduc- 
tion test data that show excellent agreement with the generalized Euler 
theory. Figs. and however, should sufficient evidence that the 
theory can substantiated experimentally. fact, doubtful whether 
any other structural theory could verified accurately tests covering 
such wide range variables (materials, shape, method loading, and end 
fixity). the departure the test points from the tangent-modulus curve 
predicted the theory, explained previously. 

Although may agreed that the generalized Euler equation represents 
the upper limit for column strength, the engineer will very properly raise the 
second question, previously noted, regarding the reduction strength caused 
imperfections. The major imperfections may classified follows: 


(a) Variations material properties; 

(b) Eccentricity load application; 

(c) Initial crookedness the column; and 
(d) Effects end conditions: 


Items (b) and (c) are usually classed together, since their effects are very 
similar. The effect end conditions should probably regarded separate 
problem, not type imperfection. The difficulty this case the calcu- 
lation the degree end restraint actual structures. 

Before these subjects are considered, will helpful review some 
the methods that are used the engineering application the generalized 
Euler theory. 


ENGINEERING APPLICATION THE COLUMN THEORY 


one who has not actually tried use the tangent modulus the Euler 
equation the lack formula that can solved slide rule may appear 
disadvantage. Actually, however, the entire column curve for given 
material can obtained few minutes, directly from the stress-strain dia- 
gram. The slope various stress values obtained 
These values the tangent modulus may then used, together with the 
corresponding stresses, solve Eq. (presented subsequently) for the slender- 
ness ratio. interesting plot the values the tangent modulus against 
stress. This method will aid obtaining smooth curve and will also reveal 
how the stiffness the material decreases the stress increased. Mr. von 
followed this obtaining the column curve shown Fig. 
The curve presented Mr. von reproduced Fig. reduced 
modulus also shown Fig. important note that the difference 
between the tangent modulus and the reduced modulus does not cause very 
large reduction stress the column curve (Fig. 1). The reason for this 


Dillon, Proceedings, A.S.T.M., Vol. 46, 1946, pp. 1039-1052. 
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can noted writing Eq. follows: 


given stress, change the value the modulus will simply displace 
the column curve the left right, and then only the square root the 
ratio involved. For stress-strain diagrams with relatively sharp knee, the 
difference between the two theories almost negligible, over the range 
slenderness ratios used design. 

Fig. shows the tangent-modulus curves for several materials. The 
column curves derived from these curves are shown Fig. quite 
evident that the shape the column curve may vary widely between different 
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materials. With such array curves fitted, wonder that 
engineers have used many different types empirical formulas for the 
range. 

One the very practical advantages the tangent-modulus method 
that there need define the “short One formula covers the 
entire range and impossible make the mistake using the wrong 
formula. would well abandon the term column.” 

Some the other engineering advantages the generalized Euler equation 
will become apparent the discussion material variations and fixity effects. 
Before considering these questions, however, two very useful engineering tools 


will discussed: The mathematical stress-strain diagram and the nondimen- 
sional column curve. 
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MATHEMATICAL DETERMINATION THE TANGENT 


Ramberg and William ASCE, have provided method 
expressing the stress-strain diagram equation which has the 


form: 


exponent which controls the shape the diagram; and constant (see 
note under Eq. 5). 

the constants are known, the tangent modulus may found differ- 
entiation. more general solution may obtained writing Eq. non- 
dimensional form—which may accomplished dividing every value 
stress, the stress-strain diagram, base stress and every value strain 
The base stress, approximately equal the yield stress 
(0.002) but determined drawing line from the origin slope equal 
0.7 The resultant stress designated the yield (The 
secant method used because nondimensional.) The base strain, 
taken the strain corresponding and 

The stress-strain equation, nondimensional form, may written 


which and the secant yield stress for secant modulus equal 
0.7 The constant 3/7 Eq. results from the selection 0.7 for 
the secant modulus. 

Fig. the nondimensional stress-strain diagrams for various values 
nondimensional form such chart. Messrs. Ramberg and Osgood also 
formula for determining second secant yield stress. 

The equation for the tangent modulus, nondimensional form, may 
obtained from Eq. 


Curves representing this are reproduced Fig. 


NONDIMENSIONAL CoLUMN CURVES 


The nondimensional column curve was first presented (to the writer’s 
knowledge) Sometime later was included printed 
the federal government which establishes the allowable stresses used 


4 “Description of Stress-Strain Curves by Three Parameters,” by W. Ramberg and William R. Osgood, 
Technical Note No. 902, National Advisory Committee for Aeronautics, Washington, C., July, 1943. 


uy Pag 1; of Tubing Under Combined Axial and Transverse Loading,” by L. B. Tuckerman, 8. N. 
Petrenko, and Johnson, Technical Note No. National Advisory for Aeronautics, 
Washington, C., June, 1929. 

Metal Aircraft Elements,” Committee Aircraft Design 
Criteria, Govt. Printing Office, Washington, 
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airplane designers. The use the nondimensional column curve connection 
with aircraft stress analysis was described Cozzone and Melcon 

reduce the column stress curve nondimensional form, every point 
the curve must divided base value stress, and also base value 
slenderness ratio, The stress value originally chosen 
intercept” and was approximately equal the 0.002 yield stress. the non- 
dimensional stress-strain diagram used basis, the value will the 
same that used for Eq. 

make the Euler (elastic) curves all coincide the nondimensional dia- 
gram, the base value determined the slenderness ratio which 
the Euler stress equals the base stress. The equation for this point 


Jo = ™ (7) 


The nondimensional column equation determined dividing Eq. 
Eq. 


Let 
(9) 
and 


The terms and may called the column stress ratio and the re- 
duced slenderness ratio. The column equation may now written 


(11) 
For the Euler (elastic) curve, from which the Euler equation 
(12) 


The value constant for given material and found 
solving Eq. 


M. A. Melcon, Journal of the Aeronautical Sciences, October, 1946, p. 511. 
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This form, however, conceals the physical significance probably 
best determine the constant for the material being investigated and 
then use that value Eq. determine for any given slenderness ratio. 

Messrs. Cozzone and show that the curves Fig. may also 
used for any type buckling which the equation has the form: 


which constant; and and are the two dimensions that affect the 
buckling stress. this more general form, 


a/b 
B = G/b). (16) 
and 


The nondimensional column curve may derived equally well from the 
load-length curves. Thus, test data can plotted directly nondimensional 
form, desired. The column load, divided the base load, which 


Then 
(20) 
and 
(21) 


Using Eqs. 21, any nondimensional column curve may transformed 
directly into design curve load versus length, for member given ma- 
terial and cross 

express the nondimensional column curves mathematical form 
necessary only insert Eq. the expression for from Eq. The 
generalized column equation then becomes: 


Eq. plotted Fig. revealing number interesting points. The 
effects varying the shape the stress-strain diagram (by varying are 
greatest the region where 1.0. Thus, apparent that the shape 
the stress-strain diagram near the knee will have relatively large influence 
the column stress this region. 


The effective column length, divided the base length, 
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ENVELOPE 


Fig. shows that there envelope curve representing the minimum 
values column stress. The equation for this envelope may obtained 
from Eq. 22: 


from which 


0 02 04 06 08 10 12 14 16 18 
B = (L/p)/(L/o). 


9.—NonpimensionaL TANGENT-MopvLus CoLumn Curves 


Substituting the value Eq. into Eq. gives the equation the 
envelope curve: 


Eq. based the tangent-modulus theory, but does not involve the 
tangent modulus; fact, the only two material properties that enter into 
Eq. are (Young’s modulus) and (the secant yield stress). physical 
significance Eq. evident from Fig. 10. Together with the Euler curve, 
Eq. bounds region which encloses the column curves for all mathematical 
stress-strain diagrams (that is, all diagrams expressed Eq. 22) that can 
passed through the shaded area Fig. 10(a); and covers all positive values 
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Eq. would too conservative for most design purposes (at least for 
aircraft) since does not permit the designer take full advantage available 
knowledge the shape the stress-strain diagram. Where weight saving 
not too important, however, Eq. could used kind over-all column 
curve for any material. would then only necessary know the secant 
yield stress (the stress which line having slope 0.7 cuts the stress- 
strain diagram) and the modulus elasticity 

The resemblance the envelope curve parabola shows why parabolic 
curves have been found useful representing the column” range. The 
relationship various other column formulas shown Fig. 11. The equa- 
tions formulas, nondimensional form, are: Parabolic formula 
(exponent 2): 


straight line formula (intercept 1.0): 


(27) 
Gordon-Rankine formula (with Ritter’s constant): 
(28) 
and Van den Broek 
B 2 B? 


whole, the various empirical formulas form band,” shown 
Fig. 11. 


Errects MATERIAL VARIATIONS 


From the discussion nondimensional column formulas, obvious that 
the three primary material variables are the initial modulus elasticity 
the secant yield stress and the shape the knee the stress-strain diagram 
(indicated n). 

unnecessary consider far variations between lots material 
are concerned. From engineering point view can usually regarded 
constant for given material alloy and given temperature. 

The secant yield stress based 0.7 approximately equal the con- 
ventional (0.002) yield For material-correction purposes either type 
yield stress may used. general terms can stated that the com- 
pressive yield stress controls the height the left end the column curve. 
the nondimensional form this stress controls the value which all the ordinates 
the diagram are multiplied. Therefore, the most important praperty, 
far material variations are concerned. 

The specifications for structural materials used compression should 
contain minimum value for the compressive yield stress. The tensile yield 


Limit Design,” Van den Broek, John Wiley Sons, Inc., New York, Y., 
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ENVELOPE; 
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stress sometimes reasonably good substitute since the yield stresses 
tension and compression are nearly the same, but this assumption can mis- 
leading. Certain types magnesium alloy show considerably lower yield 
stresses compression than tension. The “grain” (direction rolling) 
may also have pronounced influence (see Fig. 6). Most aluminum alloy 
sheet straightened stretching, which raises the tensile yield stress one 
direction and raises the compressive yield stress the other (cross grain). 

entirely safe, would necessary select, basis for the design 
column curve, the lowest probable value compressive yield stress and the 
type diagram likely obtained (minimum values for and 
when the stress-strain diagram expressed mathematically). This procedure 
would take care all material variations. (Theoretically the curve should 
obtained from the two limiting values with the envelope curve 
between.) 

aircraft work many compression tests are performed obtain allowable 
stresses for complicated types construction. The results such tests must 
“reduced minimum specified values. Several methods 
are available, but the most logical that using the nondimensional column 
curve. All test data may divided the constants corresponding the 
test material, obtain the nondimensional diagram. convert back 
“standard,” the nondimensional values are multiplied the constants for 
the standard material. 

Fig. shows family column curves for high-strength aluminum 
alloy. The effects varying the yield stress have been determined the 
nondimensional system, assuming that the stress-strain diagrams remain affine 
(that is, that does not vary). 

Curves this type may used directly for from one yield 
stress another, indicated Such curves may also used directly 
for any type buckling which failure occurs bending one plane only, 
even though L/p not the proper geometrical ratio. (This procedure 
similar the use for various types buckling, discussed Section 4.) 


The theories and formulas that have been discussed are all based the 
conception perfectly straight, centrally loaded column. Since actual 
column can fully meet this requirement, engineers have long been interested 
the effects eccentric loading. There definite need, also, for sound 
method design for columns that have design eccentricities considerable 
magnitude. This problem therefore has two distinct phases: (a) The effects 
small eccentricities, and (b) the design columns with known 
eccentricities. 

For the design columns that are nominally straight, customary and 
logical consider small degrees crookedness equivalent certain initial 
eccentricity. There has been much discussion the proper value use for 
the equivalent eccentricity actual design work, but obviously this problem 
comes under the heading and must controlled the same 
processes that are used control other tolerances manufacture. will 
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assumed, therefore, that the designer either controls this variable suitable 
specifications, shop practices, etc., estimates maximum value that com- 
patible with the kind structures with which dealing. The question then 
becomes, necessary make further reduction the column strength 
account for the maximum probable equivalent eccentricity? 
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Before this question can answered necessary have method 
determining the effects eccentricity. For the design elastic members the 
answer simple—use the secant formula. This well-known formula gives 
the maximum fiber stress that will produced definite load (or average 
stress) the column, provided that the stresses stay within the elastic range. 
certain values are chosen for the eccentricity and the maximum permissible 
stress, the equation becomes column formula. 

For material which has very pronounced yield point, and ‘‘flat-topped” 
stress-strain diagram, the secant formula can used substituting the yield 
stress for the maximum permissible stress. (It still necessary specify the 
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eccentricity, however.) For materials that not exhibit this characteristic 
impossible select single value maximum stress that will make the 
formula fit the test data. Furthermore, the shape the secant column curve 
will have relation the shape determined the tangent-modulus theory 
for zero eccentricity; yet obvious that the eccentric column curve must 
approach the basic column curve the eccentricity approaches Because 
these shortcomings, the secant column formula cannot considered 
generally satisfactory. 

The eccentric column was treated very thoroughly Mr. von 
1910.4 showed that, the elastic range, initial eccentricity simply causes 
constantly increasing lateral deflection the axial load increased. The 
curves are asymptotic the Euler load, which therefore represents the maxi- 
mum load for the eccentric elastic column. (This theory negleets the further 
inerease load large deflections, previously discussed.) 

For the inelastic case, Mr. von showed that increased eccentricity 
causes greater bending strains (for the same axial load), which force some 
the material farther into the inelastic region the stress-strain diagram. Thus, 
lower value effective modulus elasticity obtained. During loading, 
point finally reached where the internal resisting moment does not increase 
rapidly does the external moment. The external load must then decrease 
maintain equilibrium, The maximum load reached this process will de- 
pend the slenderness ratio, the degree initial eccentricity, the shape 
the stress-strain curve, and the shape the cross section. 

This problem extremely complex. Mr. von solved for par- 
ticular material (steel) and cross section (rectangular) using the double-modulus 
theory determine the internal resisting moment. Graphical integration 
methods were used. The resulting curves have been reproduced many 
textbooks, but the exact solution has never been improved on, the writer’s 
knowledge. fact, the recent discovery that the theory 
(which Mr, von used) not strictly accurate for small deflections 
further complicates the situation. 

Mr. Van den has developed formula for predicting the maximum 
load the eccentric column. assumes, effect, that the stress-strain 
diagram becomes substantially flat some known value stress and that the 
column has bent point where opposite edges are working these flat 
regions, one tension and one compression. making some simplified 
assumptions the shape the deflection curve, obtains formula for 
the maximum load, for column rectangular cross section. For materials 
having curved stress-strain diagram, the Van den Broek method has the same 
limitation the secant formula—there good definition for the 
yield 

has developed algebraic method based simplified stress- 
strain diagram composed two straight lines, one horizontal. obtains 
factors which the concentric column values are divided. Thus, the errors 
caused the original assumptions are reduced, but for materials that have 
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gradually curving stress-strain diagram the error may still considerable. 
(The writer indebted Friedrich Bleich, ASCE, for the information 
the JeZek method.) 

These examples indicate that the eccentric column, the inelastic range, 
cannot treated adequately any simple engineering formula 
The reason for this may that there are reality two problems—(1) stability 
under axial loading and (2) failure bending. The stability problem com- 
plicated even for zero eccentricity, but can handled the tangent- 
modulus theory. Failure bending itself large subject, involving both 
the shape the cross section and the shape the stress-strain diagram. 


ECCENTRICITY, INCHES 


08 

0.9 

CHROME-MOLY. STEEL TUBE 


PRIMARY BENDING MOMENT, in. kips 
(LATERAL LOADS APPLIED THIRD POINTS) 


Fic. 13.—Inreraction Curve ror ComBinep BENDING AND COMPRESSION 


This situation similar one that existed about 1935, aircraft structural 
analysis. There was suitable formula for the strength members subjected 
combined bending and torsion. The solution was found the interaction 
curve. This method has since become standard for handling many kinds 
combined 

Why not use the interaction curve treat the eccentric column problem? 
The member can regarded being subjected combined compression and 
bending, with the bending moment equal denoting eccentricity). 


> ._— Structures,” by F. R. Shanley, John Wiley & Sons, Inc., New York, N. Y., 1944, Chapter 20 
40. 
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Interaction curves for combined bending and compression were obtained 
from tests steel and aluminum alloy tubing Messrs. Tuckerman, Petrenko, 
and these tests the bending moment was applied transverse 
loading the third points, whereas the column the bending moment 
must considered being applied the ends the member. Since the 


ECCENTRICITY RATIO, 


VALUES f,, KIPS PER IN. 


VALUES KIPS PER IN. 


Fic. Curves ror STEEL 


interaction curves for the two cases should quite similar, the curves developed 
Messrs. Tuckerman, Petrenko, and will used illustrate the 
proposed method. 

Fig. shows typical interaction curve for single member under all 
possible combinations axial compression and The two end points 
the curve correspond the column strength and the ultimate bending 
moment, respectively. assumed that the bending moment was applied 
the ends the member, eccentric column test, the eccentricity (e) 
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given the ratio M/P. Straight lines constant eccentricity therefore 
radiate from the origin, shown Fig. 13. The interaction curve may thus 
used directly determine the effects eccentricity axial loading. 

Tests different kinds and sizes round tubing were made“ and the results 
were plotted interaction curves, both terms stress and terms stress 
ratios. Fig. that there family curves for different values 
the slenderness ratio. low values the slenderness ratio the curves tend 
straight, but higher values there considerable sag (the result 
the secondary bending moment caused the deflection the column). 
zero bending stress the curves give series values that represent the con- 
centric column curve; zero axial stress the curves converge single value 
which the modulus rupture for pure bending. 

When the interaction curves are plotted terms stress, Fig. 14, the 
eccentricity lines denote values the eccentricity ratio e/r, which the core 
and the distance from neutral axis outer fiber. 

Fig. may converted nondimensional form either two methods. 
Messrs. Tuckerman, Petrenko, and divided the values 
which was taken the allowable stress for short columns (intercept value) 
and was divided the modulus pure bending. The result- 


ing curves are like those Fig. 14, with replaced values the 


reduced slenderness ratio. For such chart the eccentricity lines will define 
values reduced eccentricity ratio, determined 


eliminate everything but the sag, divide all 
axial stresses the column stress for the member question, in- 
stead the value The following terms will then apply: the 
allowable column stress for and the modulus rupture pure 


bending, and 


and 


The terms parentheses show that the ratios Eqs. 31, 32, and may 
expressed terms axial load and bending moment. Thus, test data 
may converted directly into the nondimensional form. the 


. 
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nondimensional design charts may used directly find the allowable eccen- 
tric column load, the load for the concentric column, and its ultimate bending 
moment, are known. The curves Fig. have been replotted Fig. 15, 
this reduced form. The actual slenderness ratio (L/p) has been retained, 
instead the reduced slenderness ratio used, the curves will 
similar shape; the eccentricity lines will remain unchanged. 


Fig. indicates that the nondimensional interaction curves tend lie 
within definite band and that the amount sag maximum for slenderness 
ratios the region corresponding roughly L/p (or 1.0 1.2). 
higher values slenderness ratio, the interaction curves tend become 
straighter again. the bending moment had been applied the ends the 
member, the amount sag would doubt greater. 

Since the tests which Figs. and are based did not truly represent 
the eccentric column, would unsafe use them for design purposes, but 
they can used draw some interesting conclusions. One the most valu- 


0 2 3 A 5 6 8 9 1.0 


720 COLUMNS 


able features interaction curves that their shape seems primarily 
function the kind loading involved and little affected other 
variables. Further research may indicate that few sets interaction curves, 
such those shown Fig. 15, could used for wide variety columns. 
using the reduced slenderness ratio may possible show that the shape 
the curves depends the value the exponent for the nondimensional 
stress-strain diagram. 

For small values eccentricity the curves Fig. are converging and 
therefore must lie relatively close together. the lowest curve considered 
apply for all values slenderness ratio, the effect eccentricity would 
reduction all the column stresses constant factor. The nondimensional 
column curve would not changed this case; would only necessary 
multiply reduced value (or P.) converting stress (or load). 
(The original value would still used the term however.) Thus, 
small eccentricities are more closely related reduction the compressive 
yield stress than reduction the effective column length. 

can noted that the shape the eccentric column curves derived 
the interaction method must approach that the concentric column, the 
eccentricity approaches zero. This assumption agrees with theory and tests, 
shown the eccentric column curves presented Mr. von One 
the objectionable features the secant formula thereby eliminated (since 
has relation the shape the stress-strain diagram). should 
noted that the interaction curves need not based any particular column 
formula—they may used with any formula that may acceptable for the 
concentric column. Once the interaction curves are determined, they may 
converted into eccentric column curves, plotted curves reduction factors 
versus slenderness ratio. 

Interaction curves are equally applicable the case large initial eccen- 
tricities. The convergence the curves point representing pure bending 
permits the designer take advantage all that known about the modulus 
rupture. Even failure local buckling may included, although not 
yet possible foresee what change the shape the interaction curves would 
necessary. The case combined bending and local buckling (no column 
effects) simple interaction problem and could very likely handled 
using the interaction curve for low slenderness ratios and substituting the 
crushing strength for the column strength determining 

The effect small eccentricities may now determined approximately. 
Assume, for example, that the equivalent eccentricity, for thin-walled tube 
mean radius lies within the tolerance 0.025 (for column in. 
diameter this would 0.25in.). The value the core radius p*/c) 
The eccentricity ratio therefore 0.05. The corre- 
sponding reduction the column stress may determined from Fig. 
Fig. 15. (If Fig. used, the eccentricity must further reduced using 
Eqs. and 34.) The maximum reduction determined the order 6%, 
L/p 70. Since the curves are probably only slightly the unsafe side 
such low eccentricities, this result should fairly accurate indication 
the reduction involved for the assumed case. The magnitude the reduction 
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appears greater than the usual variation material properties and 
could provided for (at least part) selecting conservative value for 
the minimum compressive yield stress. 

Mr. von recommended that columns designed the basis 
their concentric buckling strength and that the effects initial eccentricities 
taken care the safety factor. This recommendation still sound and 
followed modern aircraft practice the United States. (Although 
not specifically stated the airworthiness requirements, the matter provided 
for factor safety increase the applied loads, not reduce the allow- 
able stresses.) With the use the tangent modulus the column formula, 
together with proper control manufacturing tolerances, the specification 
minimum compressive yield stress, and the reduction all test data mini- 
mum guaranteed properties, would seem that the unknown factors com- 
pressive loading are certainly greater than those for any other type load- 
ing and that increase the usual factor safety required. 


Errects ENp RESTRAINT 


theory, end restraint has very simple effect: merely changes the 
effective column length. practice, however, the accurate determination 
the effects end restraint for any column except pin-ended column 
problem. The situation that exists aircraft structural analysis has 
been very well described Paul and there little more that 
can added this time. Experience has shown that fixity coefficient 
1.5 has been generally satisfactory for the design the continuous compression 
panel forming the top the wing structure. Mr. Sandorff shows that very 
little this fixity supplied the supporting ribs. Edge restraint, chordwise 
curvature, and other effects usually provide the increase corresponding the 
assumed fixity coefficient. 

The long-standing conception fixity coefficient multiplying factor 
has perhaps given rise exaggerated idea the effects end restraint. 
Mr. von has that the fixity coefficient can used multi- 
plying factor, but only for the elastic case (Euler formula). the inelastic 
case the coefficient must used indirectly, obtain the effective length: 


easy overlook this important fact dealing with the generalized Euler 
equation. (The writer made this mistake his own textbook!) would 
have been much better the effects fixity had been introduced length 
coefficient the first place, because length really what directly affected, 
not the buckling load nor the stress. 

important realize that efficiently designed structures cannot made 
proportionately stronger increasing the amount end restraint. This 
fact, too, was pointed out Mr. von when declared, effect, that 
end restraint causes marked increase buckling strength only for long slender 
columns, not for shorter ones. aircraft structures, for example, the com- 
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pression members are designed develop ultimate stresses that approach the 
compressive yield stress. 

Fig. illustrates the effects the fixity coefficient column curves 
aluminum alloy) plotted for different degrees end fixity Assume, 
for example, that designer has used design structure for the column 
stress now goes considerable trouble restrain the ends may 
able develop fixity coefficient 3.0, but the increase stress thus 

almost negligible, shown case Fig. 16. the other hand, 
assume that has selected too high value for the fixity coefficient (say, 
3.0) and that the actual structure proves only 1.0. The 


COLUMN STRESS, KIPS PER IN. 


VALUES 


ror 


decrease now quite large, shown case This 
situation rather disturbing. excess actual fixity (over the assumed 
value) can little good, but lack fixity (under the assumed value) can 
much harm. Thus, conservatism should used selecting the fixity coeffi- 
cient for use design. Research this subject cannot expected result 
substantial weight savings for efficiently designed structures. 

Fixity effects should thought effects. aircraft wing 
structures, for example, changes end restraint primarily affect the rib 
bulkhead spacing. few extra ribs represent the price that would paid 
for being quite conservative selecting the fixity coefficient for design. Fig. 
also shows how the use material having higher yield stress pays divi- 
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dends the lower range slenderness ratios, but such material would give 
little benefit high slenderness ratios. 

End restraint eccentric column reduces the effective eccentricity. 
examination the elastic case will show that the reduction increases 
the column load increased. the inelastic case this effect should even 
more pronounced. This condition one more reason why, actual structures, 
the effects small eccentricities may prove relatively unimportant. The 
combined effect large eccentricities and end restraint attractive subject 
for further research; the interaction curves previously described might useful 
this connection. 


FoR MINIMUM WEIGHT 


The principles structural design for minimum weight have been treated 
some detail this paper the discussion will confined the 
procedure for determining the optimum design applied simple pin-ended 
columns tubular cross section, using the generalized Euler theory. Since 
the weight the column (for given material) will minimum when the 
allowable stress maximum, the object find the maximum value 
allowable stress terms the load the distance through which must 
transmitted and parameter” that controls the proportions the 
cross section. this done for various materials, direct comparison 
weights may made. 

The generalized Euler stress formula, Eq. contains one the design 
variables, but does not include the load directly. The radius gyra- 
tion, being dimensional, cannot used shape parameter. Since has 
the dimensions area, ratio can obtained dividing giving 
the shape 


2 
Eq. may now written 


Substituting for (p?/A), (P/f) for and solving for P/L* gives the 
desired equations: 


or 


The term called the “structural index” the “structural 
nondimensional coefficient may obtained dividing the elastic 
modulus, Eq. more convenient use than Eq. since the value 


Structural Design for Minimum Weight,” Shanley, Journal the Aeronautical 
» March, 1949, p. 133. 


Minimum Weight,” Cox and Smith, Reports and Memoranda No. 1923, 
H. M. Stationery Office, London, 1943. 
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depends From curve tangent modulus versus stress the value 
may determined. Eq. can then plotted allowable stress 
t 


against for different values 


For thin-walled tube average diameter the value the shape 
parameter 


For the round tube, Eq. then becomes 
(41) 
E; 


From 41, can noted that high values the stress (f) for given 
material will obtained high values the structural index for large 
values D/t. There limit the value D/t that may used, however, 
because the local buckling crushing stress decreases D/t increased. 


The optimum stress and the corresponding may obtained graphi- 


plotting Eq. family curves for different values D/t, after 
which another curve local buckling stress against D/t drawn, which the 
curves are “cut equation for the crushing stress can written 
terms D/t and the problem may solved mathematically. 


Mr. has suggested equation the following type for local 
buckling: 


(Recent developments the theory plasticity indicate that this may 
considerably the safe side.) this value substituted for Eq. 41, 
the following equation will obtained: 


interesting note that the tangent modulus does not appear 
even though the equation applies the inelastic range. Since remains prac- 
tically the same for any one class alloys (steel, aluminum, etc.), the optimum 
value D/t will unaffected changes the shape height the stress- 
strain diagram: depends only the initial slope the diagram. 

substituting the value from Eq. either Eq. Eq. 42, the opti- 
mum stress obtained function P/L?: 


Mr. Timoshenko* has shown that the theoretical value about 1.2, 
but that much lower values are usually obtained tests. For practical use 


Elastic Stability,” Timoshenko, McGraw-Hill Book Co., Inc., New York, Y., 
Ist Ed., 1936, p. 442. 
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design, Eq. can plotted for various shown Fig. 17, 
where 0.40. The procedure for optimum design consists determining 
the structural index for the case question and selecting the optimum stress 
from such The load divided the optimum stress obtain the 
area. Eq. 43, curves derived from it, may used deter- 
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Stress, in Kips per Square Inch 


mine the optimum ratio D/t, from which the mean diameter may determined 
the following equation for thin-walled tubes: 


show how the weight column affected the material and the 
loading conditions, the optimum stress may divided the relative density. 
aluminum alloy used base (density 0.10 per in.), the curves will 
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appear Fig. 18. (The square root the structural index has been used 
Figs. and 18, contract the scale.) important note that curves 
this type may plotted directly from test all available data for 
given type loading were plotted single chart, the optimum conditions 
would indicated the envelope the test Application the 
method, therefore, not limited the lack theory for optimum design. 


Equivalent Stress, Kips per Square Inch 


NOTE: 
Curves are obtained from Fig 17; 
stainless steel divided by 2.92; 
magnesium ailoy divided by 0.65 


Values of 


Fic. 18.—Oprimum Cotumn Srress Repucep Tro Same WercuT Basis 
(Atuminum ALLoy Usep As Base) 


apply the method members such those used steel structures the 
same shape parameter (Eq. 36) could used determine the relationship 
between the structural index and the column buckling stress, Eq. 39. For 
the local buckling stress would necessary use the ratio between one 
the major cross-sectional dimensions (such width) and the thickness some 
part the cross section. Since difficult calculate the local buckling 
stress with accuracy, for such sections, series tests would advisable 
which the width/thickness ratio would systematically varied. This pro- 
cedure could carried out for various basic shapes, such I-beams, 
columns, and columns. The results would used place Eq. 42, 
obtain curves similar those Fig. 17. systematic program this type 
would answer all questions regarding the efficiency various cross-sectional 


Charts for Flat Compression Panels Having Longitudinal Extruded Y-Section Stiffeners 
and Comparison with Panels Having Formed Z-Section Dow and Hickman, 
Technical Note No. 1389, National Advisory Committee for Aeronautics, Washington, C., August, 1947. 
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shapes. would show,.for example, that beyond certain value the struc- 
tural index any attempt improve efficiency revising the cross-sectional 
shape would futile, least for structural steel. More research this type 
needed, not only supply valuable design information, but also answer 
questions regarding the relative efficiency various materials. For any 
structure that fails through buckling the term ‘‘strength/weight mis- 
leading. The only way which materials can properly compared, such 
cases, through the use optimum design procedures based the struc- 
tural index. 

The round tube, loaded simple column, has been used example 
the general method optimum design. Cox and Smith extended the 
method various other types construction and loading The 
National Advisory Committee for Aeronautics has determined the optimum 
design for flat panels with various types stiffeners and for several different 


materials.24 Some information also available for shear webs and for shells 
loaded 


10. RECOMMENDATIONS AND CONCLUSIONS 
Eight general conclusions supported this paper are: 


(a) The generalized Euler formula, Eq. (using the tangent modulus), 
recommended for the design columns that fail primary instability; 

(b) Specification minimum guaranteed compressive yield stress pro- 
vides for most the effects material variations; 

(c) The effects small eccentricities may provided for the factor 
safety; 

(d) The interaction curves for combined bending and compression may 
applied eccentrically loaded columns; 

(e) The effects end restraint should conservatively estimated design; 

(f) The coefficient fixity should replaced effective length 
coefficient; 

(g) Tests are needed determine interaction curves for various cross sec- 
tions and materials; and 

(h) Optimum design methods should used evaluate the efficiency 
various types construction and materials. 
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DISCUSSION 


consists designing without adequate information. However much one may 
admire the artist, most engineers, nevertheless, would like the art reduced 
science. what calls “the generalized Euler formula,” and modestly 
suggests calling the formula,” Mr. Shanley has made signal 
contribution column theory—that is, science. The formula, the writer’s 
opinion, should called the Euler-Shanley formula. true that Engesser 
first proposed it, but Engesser later gave favor the reduced modulus, 
double-modulus, formula. remained for Mr. Shanley show that 
Engesser was right the first time. 

Mr. Shanley has traced nondimensional column curves back 1929. 
Actually they back further than that, May, 1918, when 
introduced them. 

connection with the determination the constants and the stress- 
strain formula, Eq. the preferable way (certainly for new material) 
determining these constants the following: Write Eq. 


and take the logarithm both sides: 


Now plot the observed values log against log and draw 


straight line through the plotted points that seem lie along straight line. 


The slope this line will and the intercept the axis log 


log-log paper. 

connection with the interaction curves may well emphasize that 
bending moment arising from transverse loads and equal moment 
arising from eccentrically applied longitudinal loads are not equivalent. the 
interaction curve obtained transverse tests, the curve Fig. was, 
then using the curve for the design eccentrically loaded column, for 


* Senior Structural Engr. (Acting), David Taylor Model Basin, Washington, D. C. 


Analysis and Design,” Hawken, Univ. and the Sydney Univ. 
Eng. Soc., Brisbane, Australia, 1918. 
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given the load read from the curve will the unsafe side—that is, the 
eccentrically loaded column will actually fail lower value This 
becomes evident considering Fig. 19. The moment diagrams which 
Fig. based are like ABCD 
Fig. 19, which the maximum 
bending moment arising from the 
transverse loads. The correspond- 
ing diagram for terminal couples 
equal AEBCGD. The 
maximum deflection produced 
the terminal couples will greater 

than that produced the transverse 

loads. axial load now added, will take smaller axial load produce 
failure the member loaded the terminal couples than produce failure 
the transversely loaded member. (The terminal couples plus the axial load 
are the same eccentrically applied load.) the other hand, the inter- 
action curve obtained from tests eccentrically loaded columns and the 
abscissas are using the curve for the design beam-column 
for given maximum moment from the transverse load the axial load read 
from the curve will conservative. 

1947 the writer method compromising between unsafe 
design and uneconomical one. The method assumes that the test data, 
the form interaction curve, for example, are based eccentrically loaded 
column tests. intimated the preceding paragraph, the eccentrically 
loaded column limiting case beam-column. The interaction curve for 
eccentric-load tests will lower than the curve for any combination axial 
and transverse loads, being equal for the eccentric-load tests and equal 
the maximum bending moment for transverse loads. practical matter 
easier make accurate eccentrically loaded column tests than tests under 
combined axial and transverse load. The latter call for considerable art. 


views one who recently has shed further light the fundamentals column 
behavior both refreshing and welcome. 

cannot emphasized enough, however, that the Euler 
theory” “critical load” load” theory and such applies only 
the column (the word used this sense) 
with the full rigor Webster, that conditions existing are concentric loading, 
straightness, symmetricality, and homogeneity (even postulating rigid 
monotonic rather than statistical location atoms), possible conceive 
situation which column may obtained straight loaded state, which, 
under some slight disturbance, will snap out this position into the von 
nonstraight equilibrium bifurcation. some cases, the velocity 
buckle such induce large dynamic energy effects, the strut will sur- 
mount the barrier increasing equilibrium loadings for larger deflections and 


”“Beam-Columns,” by William R. Osgood, Journal of the Aeronautical Sciences, March, 1947, p. 167. 
Research Student, Faculty Eng., Bristol Univ., Bristol, England. 
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then, behaving according the negative slope the deflection-end-load 
rush catastrophic collapse. this last condition were danger 
occurring, the use the buckling criterion would deserve some support 
logical design basis order guard against the occurrence the “perfect” 
column. Since the column practice, perfect otherwise, seldom occurs 
splendid isolation, some types water towers, but generally with some 
measure restraint afforded adjoining framing, not reasonable fear 
the “runaway” any incidentally occurring perfect column. Apart from the 
laboratory difficulty securing the perfect straight equilibrium bifurcation, 
even the “short column” compression test, practice adequately indicates 
that column failure matter bending rather than buckling. 

cite practical case, old reinforced concrete frame building was sub- 
jected new owners warehouse type loading the region two three 
times the design loading, and one the columns under the loaded floor began 
fail. Distortion was gradual process (was not suddenly there) and pro- 
ceeded slowly allow adequate time for supporting timbers in- 
troduced. Whatever was that happened, certainly was not buckling. 
Apart from such records column failures may exist, the laboratory struggle 
produce perfect pin-ended columns sufficient testimony that column 
failure civil engineering structures matter bending rather than buck- 


ling, and that columns undergo bending deformation from the inception 
loading. 


the basis this observation impossible agree with the author’s 


statement (in Section that: 


“It doubtful whether any structural engineer would wish take ad- 
vantage this factor [increasing equilibrium load with increasing deflec- 
actual design, because this region increase stress will in- 
volve large amount permanent set. seems logical, therefore, 
regard the beginning the bending [that is, buckling] perfect column 
the upper limit for structural purposes.” 


basis discussion, accept the premise that certain amount per- 
manent set the maximum permitted for design purposes. bending occurs 
from the beginning, due some cause classified buckling theorists under 
the term “imperfection” (as undoubtedly will), the critical amount 
permanent set will induced lower load than the case the initially 
perfect but later buckling strut. The permissible load will therefore different 
practice from that derived from buckling analysis. For other criterions 
design, similar arguments will still apply. The greatest argument support 
buckling formulas that there other theoretical analysis that does not 
presuppose knowledge either unobtainable securable only investigation 
test, and, any case, whose degree variation has never been subject 
control even adequate determination. Until adequate theoretical 
analysis not requiring unknown information exists, and until determined and 
specifiable systems tolerances are used, appears more practical use 
empirical formulas and data, practically proved formulas, rather than rely 
formula based case unlikely occur practice. The interaction 
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curves described the author are valuable step this direction; but they 
still involve undecided tolerances and, doing, only serve further under- 
line the need for investigation the range tolerance that actually occurs 
practice. 

Although buckling formulas are more academic interest, their value 
one set known boundary conditions complex region structural actions 
should not forgotten, and this connection the author’s clarification 
the stress situation that may occur across section the greatest value. 

worthwhile stress the fact, however, that this clarification (which, 
effect, statement that the ratio stress change strain change applic- 
able analytical consideration any fiber is, some cases, for all the fibers, the 
ratio corresponding the loading stress strain relationship) applies some 
(and probably most) instances columns which for some reason (such 
eccentric loading) bend right from the inception the loading program. Any 
load analysis distortion analysis columns the elasto-plastic range must 
therefore subject whether all the fibers are being 
loaded whether some are being unloaded. Analysis the condition for 
loading occur over the entire section has been made Jun, 
ASCE, for the case buckling the perfect column, and extension can 
made similar lines the more general column problem. The 
case which (given increasing end load) all fibers continue load obviously 
more tractable analytically since not necessary have stress-strain 
relation sensitive this category may also placed those 
cases which, fiber subject unloading, fiber that has been 
subject past history only elastic strain. Only the perfect, near perfect, 
columns are likely fall outside this category before reaching the maximum 
load they will carry; and, general, this will more likely occur with 
materials having relatively steep-sloping strain-hardening curves. Therefore, 
the arguments that led the author support the tangent modulus Euler 
formula are much wider application. 


ASCE.—This comprehensive paper Mr. Shanley 
admirable presentation the theory underlying the present methods 
stress analysis compression members aircraft design. The mathematical 
development the nondimensional stress-strain diagrams and column curves 
may seem somewhat the civil engineer who uses allowable 
stresses the design steel, concrete, timber that are fixed 
the design specifications values well within the elastic range. aircraft 
structures, however, the design stresses are the inelastic range. Since air- 
planes are generally static tested for full design loads, was necessary for the 
stress analyst develop design theory which, the ideal case, would result 
structure that failed slightly beyond the design load. Therefore, the 
detailed study, the author, the several phases applied column theory 
undeniably 

The writer will confine his discussion Sections and 
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The method correcting test data indicated Fig. 12, 
correct only for columns that fail primary instability, since the affinely 
related column curves are derived from the tangent modulus. The horizontal 
heed report (see Fig. 12). This value actually the important variable the 
general case, will evident subsequently. 

supposed that series compression tests sheet stiffener combina- 


tions have been made. Since the sheet and stiffener may each subject 


local buckling, the column curve plotted from the test data will not affinely 
related the tangent modulus column curve the specimen material: 
may noted passing that determination and L/p for sheet stiffener 
combination quite problem itself, but assumed that they have been 
determined somehow. desirable plot the test data graph, which 
also has the Euler curve plotted thereon, determine the point intersection. 
The procedure for correcting the data for test stress standard 
follows: 

Let: the yield strength for standard material; the yield 
strength for specimen material; the stress for reduced stand- 
ard; the stress for read from the curve; and the stress for 
(L/p)s read from the curve. Then, for the ratio 


The foregoing procedure merely verbal statement the mathematics 
expressing the affine relationship between the test column curve and the 
derived column curve for the standard material. The interested reader can 
readily prove this for himself assuming that the test column curve mathe- 
the stresses and Hence, the general case, correction 
standard function the shape the test column curve, the yield strength 
ratio, and L/p. 

The author’s extended treatment the effects eccentricity pin-ended 
columns undoubtedly indication the importance the subject. After 
rejecting the secant formula inapplicable materials not having pro- 
nounced yield point, suggests using interaction curves solve the problem, 
and presents Fig. such series curves for axial loading and bending 
due third-point loading. assumes correctly that, for initial moment 
due constant eccentricity, the sag would greater. further states that 
the shape these curves may primarily function the kind loading 
involved, which also true. Hence, number sets interaction curves 
would necessary design, unless there some other approach the 
problem. 

After following the author’s lead and verifying the statements referred 
the preceding paragraph, occurred the writer that the problem could 
generalized that one interaction curve would apply for various loadings, 
and perhaps for any shape cross section and any type stress-strain diagram. 
The reasoning was extremely simple. For any column subject combined 
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bending and compression, the maximum stress the section the sum the 
axial stress and the total bending stress. The total bending stress itself the 
sum the primary bending stress and the secondary bending stress due 
lateral deflection. using the total bending stress parameter, the type 
loading automatically cared for. the total stress the section 
known, then, deducting the axial stress, the total bending stress obtained. 
The primary bending stress can then determined using the available 
theories secondary bending. 

The problem resolved itself into finding expression which would equal 
the critical column stress for pure compression and the modulus rupture for 
pure bending. The expression was originally determined fit the test data 
Fig. for the entire range and L/p 30. was later found that 
the same expression checked quite well any point taken random from 
Fig. This might considered indication its possible generality. 

The total stress combined compression and bending given the 
expression: 


which 
and 
Dividing through both sides Eq. fer, 
The stress ratios are 
which 
are tan (53) 


Eq. plotted Fig. 20(a) for various values Since known 
for particular 


—can determined for any value 


—and vice versa. 

The remaining problem determine the primary bending stress from 
the total bending stress For any distributed loading (including the test 
third-point loading), well for initial curvature, the stress given accu- 
rately enough 


€ 
| 
| 
(5 a) 4 
4 


vo 


Buipeo; assaasues paynquysip 


Ayouyueoce 10 Juawow (q) 
Buipeo; asueasues paynquysip 


i=} 

3 sa“ ay 

om 90 


734 


oO 
v 
3 
a 
> 
N 
= ol 
> 
N 
In 
z 
° Og ° 


KAROL COLUMNS 735 


and, for constant eccentricity axial load, 


which 
Hence the ratios 


can determined for any value and vice versa. 

Eqs. are also plotted Fig. 20(a). Thus, the problem combined 
axial load and bending due eccentricity transverse loading solved from 
one chart. 

Two examples the use Fig. 20(a) applied the data Fig. follow: 


(1) Given: L/p 30; and, kips per square inch, 120, 60, 
40, and 29,200. The problem compute From the assumed 
40/60 0.667. From Fig. 20(a), 0.38; hence, 0.38 120 
45.6 kips per in. From Fig. 20(a), 0.875; hence, 0.875 
45.6 39.9 kips From Fig. 14, test kips per in. 

(2) Given: L/p 120; and, kips per square 120, fz= 20, 
and 50. Itis required compute From the given data, 120/20 
=6; 50/120 0.417. Guess 0.498 From Fig. 20(a), 
0.502; hence, 0.83. From Fig. 20(a), 0.498, which checks 
the guess. Hence, 0.498 9.96 kips per in. From Fig. 14, 
test kips per in. 


recognized that the addition stresses the inelastic range 
convenient fiction; but, the foregoing treatment, Eq. has the merit 
being close approximation the experimental truth and indicating the 
important variables problem not solved hitherto the general case. Since 
Eq. assumes gradual change the total stress the loading changes 
from pure compression pure bending, seems logical enough generally 
valid. Furthermore, considered represent not only the ultimate 
modulus rupture, but also limiting bending stress general, the usefulness 
Fig. 20(a) extended. Thus, aircraft design, can used for limit 
loads well for ultimate loads. The writer was able check the test data 
Van den ASCE, 1-in. mild steel round bars for both 
initial yielding and ultimate capacity using the yield point the limiting 
bending stress the first case and 1.7 times the yield point the modulus 
the second case. 

The column theory, from which the secant formula derived, also pre- 
sented for comparison. The total stress given the expression: 


Column Van den Broek, The Engineering Journal, December, 1941. 
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Dividing through both sides Eq. 


Expressed stress ratios, Eq. becomes 


Eq. family straight lines, represented Fig. for various 
the short column range for structural steel, which the limiting stress for 
both bending and compression the yield point stress. For values 
greater than gives less conservative results than Eq. 52. The relation 
primary total bending stress given Eqs. 56, and use the chart 
similar the method presented for Fig. 20(a). 


Assoc. ASCE.—An excellent comprehensive treatment 
primary column failure has been presented this paper. Emphasis the 
tangent-modulus theory basis for column strength analysis gratifying. 
earlier Mr. Shanley capably justified the use the tangent- 
modulus method for columns, theoretically. showed that the bending 
column begins the tangent-modulus load and that the consideration 
single critical section sufficient predict the capacity member. this 
paper several graphs showing the agreement between this theory and tests are 
cited supporting evidence for justification the theory. However, these 
citations are limited metals and noteworthy that even for reinforced 
concrete columns similar good agreement found.* 

Fig. shows the results series tests spirally reinforced concrete 
columns, which the radius gyration, based transformed concrete 
section, and average load-strain curve for short column has been used 
determine the tangent-modulus and reduced-modulus column curves. The 
agreement thus found truly remarkable; and, although relatively few tests 
have been made slender concrete columns, Richart and Draffin, 
Members, ASCE, Olson, and Assoc. ASCE, venture 
the following 


“It appears from the procedure followed that the strength any long 
slender spiral column may estimated from the properties short 
column similar materials and arrangement 


However, all these matters word caution must given, the 
tangent-modulus theory adequate only the material stable with time. 


* Associate Prof. of Civ. Eng., Univ. of California, Berkeley, Calif. ' 

Effect Eccentric Loading, Protective Shells, Slenderness Ratios, and Other Variables 
Reinforced Concrete Columns,” by F. E. Richart, J. O. Draffin, T. A. Olson, and R. H. Heitman, Bulletin 
No. 868, Univ. of Illinois Eng. Experiment Station, Urbana, Ill., November, 1947, p. 103. 
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Gradual plastic deformation concrete, creep the material used, may 
substantially lower the carrying capacity column. The generalized Euler 
equation criterion column strengths for loads short duration and for 
materials that not creep. 


Values of Stress, in Kips per Square Inch 


120 160 200 240 280 320 


(Average Over-All Diameter of Columns, 12.40 In.; Average Core Diameter, 12.15 In.; 
Maximum Length = 19.7) 
Diameter 
The writer agreement with the general conclusions reached the 
author; but one the basic assumptions made the paper should clearly 
kept mind, significant. After justifying the use the tangent 
modulus Euler’s formula, algebraic expression for tangent modulus, 
stemming from the paper Ramberg and William ASCE, 
isintroduced Mr. Shanley. This expression for the tangent modulus (Eq. 
obtained from Eq. differentiation. The latter expression with proper 
parameters supposedly capable representing, reasonably well, the stress- 
strain curve for any material compression. Unfortunately, ordinary steel 
(which hardens after some yielding strain) cannot represented accurately 
Eq. that particular form. may noted from Fig. none the non- 
dimensional stress-strain curves resemble the entire range for ordinary steel. 
Perhaps there are other cases which mathematical three-parameter ex- 
pression for stress-strain diagram not adequate. Moreover, the author 
does not actually use these curves but goes even further and works with the 
tangents such curves. Also, calls attention the shape the knee 
(mathematically indicated the stress-strain diagram having rela- 


tively large influence the column stress curves this affects the tangent 
moduli considerably, important zone. 

Messrs. Ramberg and Osgood show that good agreement computed-to- 
experimental tangent moduli found for several materials whose curves may 
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represented small value parameter such cases the value 
was always less than and the knees the corresponding stress-strain dia- 
grams were not sharp. the other hand, for the 1025 carbon steel which 
was also investigated, greater than and considerable discrepancy in- 
dicated the original data between computed and actual tangent moduli. 
large extent Mr. Shanley’s argument rests the adequacy the empirical 
algebraic relation selected (Eq. 6), and may not fully adequate. 

Finally, the writer wishes comment the term column” which 
criticized Section What the author refers range 
usually termed the “intermediate” range. The term “short 
generally reserved for still shorter compression blocks. the latter case the 
capacity determined not the instability phenomenon inelastic column 
but allowable deformation. Hence, retention the term “short column” 
for this shortest range seems desirable emphasize the transition point 
column lengths from one kind action another. 

The discussion given Mr. Shanley regarding the end restraint worthy 
emphasis and repetition not fully appreciated some engineers. The 
development interaction curves for combined bending and compression 
members suggested the author deserves further study. practical 
expedient for accurate design columns with any load eccentricity, although 
large number tests are necessary establish such curves. 

The foregoing remarks are not construed detracting from the over- 
all excellence the paper. Even single feature the paper, such the 
use nondimensional forms for column formulas, valuable addition 
civil engineering literature columns. For completeness, his concluding 
remarks, the author should comment the limitation the tangent-modulus 
column formula which occurs when even has negative slope 
the case ordinary steel where does not apply. 


Jack Assoc. ASCE.—The statement that the theo- 
retical load which bending perfect column begins the upper limit for 
structural design leaves much desired. The design problem not con- 
cerned basically with the upper limit for theoretical column, but with the 
allowable design load actual column structure. The distance be- 
tween the limit for such column and this upper limit can large and 
difficult analyze. 

The column does not exist. Every column subject variations 
material and initial crookedness. These are items over which the designer 
has control other than set limit for each. Eccentric load application 
always occurs and the eccentricity normally variable about both principal 
axes. The end conditions the usual structural column may subject 
analysis, but more often are not. 

Taking the theoretical load which bending perfect column begins 
the upper limit for structural design and then modifying this limit de- 
signing may satisfactory for aircraft work, but does not apply under 


Materials,” Laurson and Cox, John Wiley Sons, Inc., New York, 
N. Y., 1947, 2d Ed., p. 233. 


* Asst. Prof. of Civ. Eng., Stanford Univ., Stanford University, Calif. 
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existing codes and specifications civil engineering structures. Two possible 
general design criteria exist. The normal criterion for civil engineering struc- 
tures consider the upper limit column strength reached when the 
unit stress any point the primary column material reaches the yield point. 
recent years, the other criterion ultimate strength has been given much 
attention. However, matter how the design made, under normal working 
loads the stresses are within the elastic limit and the column acts elastically. 
the column part complex structure, most columns are, the load 
the structure which will cause failure any single column very difficult 
determine. the yield point criterion used, approximation can 
made, but ultimate collapse the basis, only pure guess possible. The 
structural designer must first consider the stresses the column under working 
loads with some arbitrary limit set code specification which will determine 
the factor safety. superposition applies the system, the factor safety 
thus found reasonable. However, when ultimate strength the basis 
design, radical change approach must made comparing the column 
the structure with isolated theoretical column only simplified mathe- 
matical structure best. the two can compared all, can only 
arbitrary guess, pure and simple. 

The tests structural columns reported the literature are open the 
same kind arbitrary decision are designs ultimate strengths. First, 
the experimental end conditions are unknown. with flat ends certainly 
results semielastic supports and the action the column not completely 
determined either the elastic range the plastic range. accept test 
data with flat ends basis for design requires considerable imagination. 
The pin-ended testing scarcely better since true pin ends are not obtained 
mechanically, and very small eccentricities can produce large stresses. Thus, 
tests columns leave gaps both experiment and application, the latter being 
virtually unbridged except arbitrary opinion. 

The design columns the elastic range the secant formula subject 
First, only rarely are eccentricities constant throughout column 
length. vary normally and exist about both principal axes. 
The further use positive eccentricities combined with reduced length 
coefficient based negative eccentricity places the same category with 
the parabolic and other empirical formulas. 

The writer does not understand why eccentricity and end restraint are 
considered separately. restraint often the cause eccentricity and 
then the two are inseparable. The same basic error contained the secant 
formula made the paper. The idea end restraint producing reduced 
length incompatible with positive eccentricities. Furthermore, eccentricities 
are not normally constant and occur about both principal axes. 

The paper was found most challenging; valuable contribution the 
subject columns. 


Jun. ASCE.—This well organized and stimu- 
lating paper can mainly criticized for its quick rejection the secant 


" Asst. Prof. of Civ. Eng., Univ. of Alabama, University, Ala. 
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formula. The secant formula special case the general column formula: 


which the actual maximum moment the column from all possible 
causes. This expression true even the plastic range the term 
properly modified. Contrary what the author states Section the secant 
curve from this general formula has very distinct relationship the Euler 
column curve—in fact, the Euler Engesser curve only special case the 
secant curve. The general column formula also appears agree very well 
with the experimental cited the author his treatment eccen- 
tricity. Thus these results (and evidently the entire problem eccentricity) 
seem have, the general column formula, theoretical basis which should 
recognized, and which serves direct tie between the two main parts 
the paper—one perfect columns, and the other eccentric columns. 

verify these statements, the value the general equation must 
first found. For this discussion, sufficient this only for the cases 
the paper—for any initial eccentricity, and any initial moment from trans- 
verse loads, both which are symmetrically distributed with respect 

the transverse center line the column. 
Examples these cases are shown 
Figs. and 22(b). Many investi- 
gators have evaluated for various 
conditions eccentricity, curvature, 
transverse Prominent among 
early investigators was 
ASCE, and the himself has 
suggested approach the problem. 

The writer’s reason for adding another 
basically similar column formula 
the existing superabundance that 
formula was needed for this discussion 

which, using the author’s notation, 
would apply generally the author’s 
various examples eccentrically and 
formulas have been developed, for the 

most part, for specific types transverse loadings eccentricities. 

Successive approximations will used, although the principle super- 
position true only the plastic range applied subsequently, and for 
infinitesimally small values and The moment will found the 
midheight the column, where maximum. 

Elastic Structures,” Westergaard, Transactions, ASCE, Vol. LXXXV, 1922, 


Procedure for Computing Defiections, Moments, and Buckling Loads,” 
Newmark, Vol. 108, 1943, pp. 1161-1234. 


Practical Column Under Central Eccentric ibid., Vol. XLV, 
June, 1901, 341. 


Structures,” Shanley, John Wiley Sons, Inc., New York, Y., 1944, Chapter 19, 


p. 
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The primary moments the midheight will Pe. These moments, 
distributed, for example, shown Figs. 22(a) and each cause trans- 
verse deflection, and, when added, would result deflection curve like Fig. 
22(c). The total midheight deflection from these moments, calculated 
any standard method, would 


(63) 


which and are constants depending the shape the curves corre- 
sponding Figs. 22(a) and 22(b). Values these constants, defined 
Eq. 63, are follows: 


Distribution moment 
Triangular (apex midheight)....................... 0.882 
Third point trapezoidal (Fig. 1.050 
Quarter point 1.131 
Rectangular (M, 1.26 
Parabolic (vertex 1.027 
Sinusoidal (vertex 1.000 


The tangent modulus accurate here only for infinitesimally small values 

and shown the author for perfect columns. For larger values, 

although not accurate, certainly more accurate than the elastic modulus. 
The additional midheight moment, from the deflection will 


and the additional moment any height will times the deflection the 
height, producing moment diagram geometrically similar Fig. 22(c). 
This curve approximates sine curve, with negligible error for the foregoing 
values the constants, and C,, since its curvature usually approaches zero 
either end and maximum the midheight. Assuming sine curve, the 


additional midheight deflection from these moments will and the 
additional midheight moment from this deflection will 
PAL 


This increment moment (with sine curve distribution again assumed), 
turn, causes another increment midheight deflection. This deflection, 
multiplied gives the next increment moment: 


q 
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This process may continued indefinitely, each successive increment 


2 
moment containing additional term Totaling all these increments, 
t 


PL 2 


Summing the geometric progression, and substituting this value 
Eq. 62, the general column formula becomes 


For the special case which and are infinitesimal, when the term 

becomes unity, will become infinite, indicating fail- 
ure from instability. The curve this failure will the Euler-Engesser 
curve, the outermost curve the infinite number curves versus L/p, for 
the general formula, Eq. 68. 

For the special case which and are zero and constant throughout 
the length, becomes 1.26. With this value the formula becomes practically 
identical the secant formula, the series Eq. becoming practically iden- 
tical secant series. 

Many arguments can advanced whether this approach and formula 
are useful showing failure above the elastic limit for material without 
sharp knee its stress-strain diagram. indicated previously, certainly 
becomes less accurate these regions, except for very small values and 
any case, the value this approach will similar the value the 
fictitious modulus rupture predicting pure bending failure. 

The best answer this question compare the general formula with the 
test results. This procedure has been used for the series interaction curves 
Fig. 14. doing this, only the values for (the modulus rupture), the 
value kips per in. for average ultimate stress for short perfect 
column, and derived value for kips per in., given else- 
were used; all other points were calculated, using form the general 
column formula, giving ultimate loading: 


The left-hand term Eq. (the ultimate loading) based 


the reasoning that, if, for example, seven twelfths f.., failure will occur 
when the total bending stress exceeds five twelfths This result prob- 
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ably not provable theoretically. Simplifying Eq. 69, 


Curves plotted from Eq. for 120 kips per in., indicated 
Fig. (and also the Fig. 10), did not check the experimental curves, 
especially high eccentricity ratios. Further investigation showed that the 
experimental curves were plotted incorrectly. From the original 
can deduced that the actual modulus rupture varied from roughly 
115 kips per in. 135 kips per in., generally increasing with decreasing 
slenderness ratio and decreasing wall thickness. However, the original investi- 
concluded that until some definite relationship was found would 
best ignore this variation and use constant value 120 kips per in., 
thus making the experimental failure stresses relatively too high with respect 
and making the experimental curves plotted against this artificial limit 
err the unsafe side for low slenderness ratios. Thus, through fault 
the author, the curves Fig. and Fig. are inaccurate, the unsafe side, 
representing failure compression tubing loaded transversely the third 
points. 

Curves were then plotted from Eq. the basis sliding value 
starting 134 kips per in. for L/p 30, and decreasing kips per in. 
for each increase L/p, making 116 kips per in. for L/p 120. 
This very arbitrary variation seemed fit the small amount 
available concerning can seen that the results, shown Fig. 23, 
agree with the experimental curves very well. Discrepancies for 
should neglected because there were tests this region. The other dis- 
crepancies can probably accounted for the uncertainty and 
experimental errors. These are especially large small eccentricities and 
high axial loads, where any imperfection the specimen tends make experi- 
mental results very conservative relative theoretical results. 

Eq. general nondimensional form would 


Petrenko, and Johnson, Technical Note $07, National Advisory for Aeronautics, 
Ww jashington, D. C., June, 1929, pp. 6-7. 
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and 


Eq. plotted for constant truly eccentric column, Fig. 
author’s radial lines showing eccentricity are very useful for this type chart. 
For Eq. and Fig. they must plotted for 


Values of f,.in Kips per Square Inch 


Values of f,,in Kips per Square Inch 


Similar diagrams could plotted very quickly for any one the values 
required determine the straight lines for 

Eqs. and support the author’s prediction that, since depends 
upon L/p and the lines the nondimensional curve (for example, Fig. 24) 
would change with the value the exponent drawn for L/p instead 
Drawn for the lines are independent and one set nondimensional 
lines (such those Fig. 24) are good for any column constant any 
material with certain type loading (such the constant Fig. 24), within 
the limitations the foregoing theory. These include, besides the limitations 
noted the foregoing derivation, neglect variation tangent modulus 
(from size, shape, age, temperature, and direction and history stress), 
failure detail, and any imperfection not included the terms 
and C,. 
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use Fig. for given material, and the stress-strain curve 
must known. Then, opposite each value should placed the square 
the corresponding maximum slenderness ratio for the material, 
computed from the Euler-Engesser formula (using the stress-strain diagram 
obtain Then, for given member and load, the allowable may found 
directly. the member and are given, must found trial and error, 


1.0 


Values of Re 


020.10 
Values of R; 


0.6 1.0 


two trials usually being sufficient. the designer uses the concept the 
factor safety traditional civil engineers, the design must made the 
basis ultimate load equal the working load multiplied the factor 
safety, since does not vary linearly with 

Another check Eq. against experimental results was made, using the 
remaining which was for duralumin tubing loaded the same manner 
the chrome-molybdenum-steel tubing. For these tests the value the 
short perfect column strength had revised (for reasons similar those 
for changing for the chrome-molybdenum-steel tests) value estimated 
kips per in. from the test data. The resulting theoretical and experi- 


0.2 
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mental curves did not check well the steel curves, the discrepancy being 
from kips per in. kips per in. for values kips per 
in. Even though this difference well within experimental this 
check Eq. against experiment not very strong evidence its usefulness 
for materials less elastic than chrome-molybdenum-steel. More evidence, pro 
con, needed. 

second criticism the paper concerns the envelope equation Section 
which stated that this equation could used kind over-all column 
curve for any material where weight saving not too important. Fig. 
the envelope equation plotted along with various standard column formulas, 
which form “scatter band,” and stated that the resemblance the 
envelope curve parabola shows why parabolic curves have been found 
useful representing the short column range. 

Actually, the parabolic, straight-line, and Gordon-Rankine-Ritter formulas 
have applications entirely different from the envelope equation, also their 
applications are more practical. Any one these formulas has been set 
empirically for columns single material and class with certain probable 
degree accidental eccentricity (from warpage, rolling tolerances, accidental 
damage, and eccentricity from the tolerances theoretically concentric end 
connections). the other hand, the envelope equation applies only 
perfect columns made infinite variety materials. Certainly any 
agreement between the various empirical formulas and the envelope formula 
entirely coincidental. 

The coefficients Eqs. 26, 27, and actually vary widely from ma- 
terial material and class class, even nondimensional form, provide 
for different expectancies imperfection. Also, the actual coefficients used 
for carbon steel structural columns, for example, show better agreement be- 
tween the empirical formulas than Fig. would 

The empirical formulas, easy use, and taking into account unpredictable 
eccentricities for given material and class columns, will always have great 
practical value for the purposes for which they were developed. the other 
hand, hard see design situation which the envelope equation would 
value. For extraordinary materials and eccentricities, experimental 
results along with the general column equation (using the tangent modulus 
ably advocated the author, and maximum tolerable values accidental 
eccentricity) should used, the generalized Euler equation being special 
case this application. 

The fundamental importance accidental eccentricity routine column 
long, would take ultimate load more than 2,100 kips according the gen- 
eralized Euler formula. Taking into account chance eccentricities, the Amer- 
ican Institute Steel Construction (AISC)* gives 3/8-in. 
rolling tolerance for this column, and would probably not too conservative 


Petrenko, and Johnson, Technical Note No, 307, National Advisory Committee for Aeronautics, 
Washington, C., June, 1929, 


Materials,” Fred Seely, John Wiley Sons, Inc., New York, Y., Ed., 
» Pp. 229. 


Construction,” AISC, New York, Y., 5th Ed., 1947, 285. 
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add constant 1/8 in. from all other causes. Using the general column 
formula with 40,000 per in., the ultimate load about 1,420 
kips. The allowable load this column, using the parabolic formula the 
1946 AISC equals about 784 kips, which when multiplied 
the usual factor about 1.8 agrees roughly with the foregoing 
result 1,420 kips. 


ASCE.—No structurally-minded engineer can read 
Mr. Shanley’s excellent paper without finding much stimulate his thinking, 
especially with regard the significant part the stress-strain curve for metals 
which lies above the range purely elastic action. his usual, clear, concise, 
and nonmathematical manner Mr. Shanley has covered some rather compli- 
cated concepts way which makes them more understandable, thus setting 
good example other engineering authors who not always qualify for 
words praise along these lines. 

the section his paper dealing with the effects eccentricity, Mr. 
Shanley has confined his attention those members which fail the plane 
the applied bending moment. might well point out that there an- 
other classification members, such I-beams and H-beams, which may tend 
fail right angles the plane the applied moment, thus complicating the 
problem beyond that which covered Mr. Shanley’s treatment. 
I-beam, for example, loaded failure column with the end load applied 
the plane the web, but eccentric with regard the centroid, highly 
probable (assuming local buckling) that the I-beam will fail buckling 
direction right angles the plane the web. 

The problem the lateral buckling eccentrically loaded I-shaped and 
H-shaped columns not academic one civil engineering practice and 
deserves more attention than has received the past. Among those who 
have contributed are Timoshenko* 1936; Bruce ASCE, 
1941; and Hill, Assoc. ASCE, and Jun. ASCE, 
1948. 


have been most interesting and have contributed greatly the knowledge 
the subject. Most the comments were constructive nature and were 
clearly presented. The writer wishes thank the discussers collectively. 

During the time that has elapsed since the preparation the paper the 


“Steel Construction,” AISC, New York, N. Y., 5th Ed., 1947, p. 64. 
“Standard Specifications for Highway Bridges,” Washington, C., 5th Ed., 1949, 
242. 


Eng. Design Div., Aluminum Aluminum Co. America, New Kens- 
Pa. 


Elastic Stability,” Timoshenko, McGraw-Hill Book Co., Inc., New York, Y., 
243. 


Buckling I-Section Column with Eccentric End Loads Plane the Bruce 
Johnston, Transactions, Vol. 63, 1941, A-176. 
® “Alcoa Structural Handbook,” Aluminum Co. of America, Pittsburgh, Pa., 1948, p. 57. 
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summer 1947 number significant developments has occurred. Some 
these have bearing the questions raised the discussions and will there- 
fore mentioned briefly. 

Mr. Plessis mentions the case reinforced concrete column which 
bent gradually under heavy load and had supported laterally. This 
was evidently case instability result compressive creep, phenom- 
enon which has been some concern the writer. Several years ago some 
experiments were made (at Lockheed Aircraft) which plastic (lucite) 
column, room temperature, was subjected steady load equal approxi- 
mately two thirds the buckling load determined under ordinary testing 
machine conditions. Careful measurements lateral bowing showed small 
but gradual increase over period several months; sudden buckling then 
occurred, with practically warning. 

Investigation this phenomenon has since been under way the writer 
and his associates the Rand Corporation. Thomas Higgins has developed 
method predicting the deflection-time curve, using procedure similar 
that which Theodor von Hon. ASCE, treated the eccentric 
column the inelastic range. Creep curves were used basis, instead 
the usual stress-strain diagram. Tests made Battelle Institute, Columbus, 
Ohio, show that column failure may occur under steady load some time 
after initial application, the length time depending the average com- 
pressive stress, slenderness ratio, and temperature. interest note that 
complete collapse usually occurs before the bowing exceeds the core radius 
any appreciable amount. 

Mr. Karol’s discussion the interaction curves for combined bending 
illustrates how these curves can derived applying well known principles: 
and how they are related the secant-modulus formula. This type analysis 
may useful reducing the number tests needed establish the curves; 
however, the writer recommended the interaction curve method primarily 
because its simplicity permits the investigator determine, with relatively 
few tests, the actual curves for various cross sections and materials. This 
seems important for members complex cross section which local 
buckling other forms instability may play part. 

should noted that interaction formula used for combined bending 
and compression the the American Institute Steel Construc- 
tion. bending not included the computation the bending 
stress, the formula would represented straight line Fig. 15, indicating 
unsafe values for slenderness ratios much greater than 40. 

Mr. Popov states that the Ramberg-Osgood formula does not adequately 
represent the stress-strain diagram for some materials (such ordinary steel), 
and that the writer’s argument, large extent, rests the adequacy 
the empirical algebraic relation selected the contrary, the 


“Steel Construction,” AISC, New York, Y., 5th Ed., 1947, 284. 
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mathematical formulation the stress-strain diagram should regarded only 
convenience used when applicable. was, perhaps, misleading 
use the mathematical curves presenting the nondimensional column 
Any column curve formula may presented this manner. 
actual practice the tangent-modulus column curve usually determined 
directly from the stress-strain diagram for the material. 

Mr. Sawyer’s remarks the original data from which Figs. and 
were derived are important connection with any attempt apply theoret- 
ical analysis the interaction curves. previously stated, however, these 
curves were presented only illustrate the method and were labeled unsafe 
(see Section for general use. 

The writer certainly did not mean add another column equation the 
long list empirical and semi-empirical equations. The remarks the 
possible use the envelope equation were intended emphasize the point 
that all types stress-strain curves would safely covered such equa- 
tion, the value were defined indicated. 

Mr. Hartmann’s remarks reveal another class eccentric columns which 
additional interaction phenomenon must the inter- 
action between the eccentric bending moment one principal plane and the 
induced secondary bending moment the other principal plane. Perhaps 
some the analytical methods presented the other discussions could 
extended include this unsymmetrical bending phenomenon, but one solution 
would find some interaction curves actual tests. might then 
possible convert the eccentric bending moment one plane equivalent 
(reduced) bending moment the other. From practical point view, how- 
ever, the use the straight-line interaction curve previously mentioned™ 
might suffice, since the the curves would probably reduced. The 
lowest values the allowable axial loads bending moments thus obtained 
would course used. 

closing this discussion the writer would like emphasize the importance 
defining the level which the analysis investigation takes place. The 
most frequent criticism the tangent-modulus theory statement the 
effect that there such thing perfect column. Such criticism can 
applied any scientific theory, since all such theories are based idealizations 
The only thing that can discussed intelligently the 
degree abstraction involved and its relation the actual phenomenon, 
which can never completely described words equations. 

this paper the emphasis was the application the column theory 
structural engineering. was shown that accurate estimate the buckling 
load can easily obtained from the compressive stress-strain diagram. 
simple engineering method for reducing this load account for eccentric 
loading was developed. Simple methods reducing test data standard 


%® “Science and Sanity,” by Alfred Korzybski, Science Press, Lancaster, Pa., 3d Ed., 1948, p. 434. 
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values were presented. possible move either direction from this 
level. the one hand, empirical equations may fitted the resulting 
curves, perhaps for handbook specification purposes. the other hand, 
one may attempt analyze the action the eccentric inelastic column 
detailed scientific Confusion these levels abstraction can lead 
only arguments that have end and delay real progress. The writer 
hopes that this paper will help eliminate some the confusion which seems 
have surrounded the column problem for many years. 


Column Buckling,” Tung-Hua Lin, Journal the Aeronautical Sciences, March, 1950, 
159. 
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Paper No. 2411 


FLOW AROUND BENDS OPEN FLUME 
AHMED SHUKRY,' Assoc. ASCE 


this paper are presented the results investigation the spiral 
motion around bends direct measurements taken with specially designed 
pitot sphere, which records the velocity components the three planes. 
The characteristics this spiral motion, well other pertinent aspects 
the bend action, were studied experimentally. The investigations show the 
effect varying the Reynolds number, the depth-breadth ratio, the radius- 
breadth ratio, and the deflection angle the bend. 


INTRODUCTION 


letter symbols this paper are defined where they first 
appear, the text illustrations, and are assembled for convenience 
reference the Appendix. 


Research flow around bends has engaged the attention hydraulic 
engineers for more than hundred and fifty years. Most the investi- 
gations were closed bends and were mainly concerned with the energy 
lost the result bend resistance. Although considerable data have been 
the results have not been satisfactory because their 


Note.—Published in June, 1949, Proceedings. Positions and titles given are those in effect when 
the paper or discussion was received for publication. 
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Minutes Proceedings, Inst. E., London, Vol. CLXIX, 1906-1907, 315. 

chen, Oldenbourg, 1929. 
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wide disagreement, which may attributed the absence standard basis 
for their correlation. 

the energy lost due bend resistance obtained dimensionally, the 
case problems dealing with pipe resistance, the application the 


any bend would show that its coefficient resistance which expresses the 


2 
head lost terms the mean velocity head function 


(a) The Reynolds number expressed 


which the mean velocity the hydraulic radius; and the kinematic 
viscosity 

The roughness parameter which linear dimension the 
wall roughness and the bed roughness; and 

(c) The form parameter, which depends the geometrical shape the 
bend. 


bend open, stable, rectangular channel the form parameter 
(item (c)) may expressed terms the three ratios y/b, and 
the radius the bend the center the stream; the width the 
channel bed; the depth flow; and the angle bend degrees). 

The general relationship between and its parameters may expressed 


Rry 

Eq. shows the importance specifying the range any experiment with 
respect each the five parameters. Furthermore, since the additional 
energy lost but one the phases which the bend action manifests itself, 
other phenomena resulting from this action may reasonably expected 
vary with these parameters. 

The lateral currents induced bends were first observed Thompson 
180° bend, the spiral motion being observed seeds and drops anilin dyes. 
Later, many other investigators, following almost the same procedure 
Mr. Thompson, explored the spiral flow phenomena closed and open 
most these researches only the forward-velocity compo- 
nents were recorded because the limitation the then existing hydraulic 


***Fluid Mechanics for Hydraulic Hunter Rouse, McGraw-Hill Book Co., Inc., New 
York and London, 1938. 

1¢*‘On the Origin and Winding of Rivers in Alluvial Plains, with Remarks on Daal Around Bends in 
James Thompson, Proceedings, Royal Soc. London, March, 1876, 

Ingenieure, Vol. 71, 1927, 1779. 


Civil Engineering, May, 1934, p. 258. 
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Around Bends Stable Channels,” Mockmore, Transactions, ASCE, Vol. 109, 
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instruments; thus, was not possible obtain direct, clear image the 
flow pattern. Moreover, the use floats, threads, dyes, seeds, wet paints, 
and transparent models could show only the general features the spiral flow. 

Spiral flow cannot studied properly unless direct measurements the 
velocity vectors have been made. the flow distinctly three dimensional, 


pitot sphere was built especially for the work described herein measure the 
velocity components. 


Tue SPHERE 


The pitot sphere (Fig. has five brass tubes and (Fig. 
enclosed casing stem, which 9.0 external diameter (see Fig. 1(a)). 


SECTION 2-2 


Note: 
millimeter 0.0394 inches 


Meridian plane, parallel to axis of channel 


(d) FORCE DIAGRAM 


Each tube has small brass tapping the top end permit rubber tubing 
connection with pressure manometer. the bottom end the tube bent 
inside sphere, 18.0 diameter (3/4 in.), and then terminates cer- 


(b) FRONT ELEVATION SECTION 1-1 
. 
SS 
S § 
3 > L 
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tain hole the shell the sphere which thus contains five holes. The center 
hole coincides with the horizontal axis the sphere; holes and lie 


vertical great circle and have central angles 45°, whereas holes and lie 
the horizontal great circle and have central angles 50°. 
Two circular disks and (Fig. 1(a)) are mounted thestem Disk 

graduated degrees and disk fixed the stem and contains pointer 


that lies the plane holes The stem passes through hole 
disk that when the disk fixed certain position and the stem ro- 
tated, the angle deviation degrees can readily obtained. 

use the pitot sphere, the procedure follows: 


(1) The instrument held with the stem perpendicular the direction 
the longitudinal axis the channel. then adjusted that the meridian 
plane, containing holes and and the zero the graduated disk 
parallel that longitudinal axis. 

(2) The stem then rotated until the pressure manometers connected 
holes and indicate the same reading. this position, the velocity vector 
lies the vertical plane that passes through holes and and the pointer 
the disk (Fig. 1(d)). Angle between this plane and the meridian plane 
can readily observed disk The manometric heads he, and 
are then recorded. 

(3) find, direct measurement, the angle inclination the velocity 
vector with the direction the longitudinal axis the channel Fig. 1(d), 
the stem should rotated the plane about the center the sphere until 
manometers and indicate the same reading. this second position, the 


velocity vector would directly opposite hole and the manometric head 

this hole would give the velocity head from which the magnitude the 
vector could determined. The angle between the normal and the inclined 
positions the stem would equal the inclination angle the vector. 


The angle, however, not easily measured directly during the main 
experiments and indirect method, based calibration, resorted 
explained subsequently. 

(4) Having obtained the magnitude the velocity vector and its angles 
and the velocity components the three planes are determined from the 
relationships (see Fig. 2): 


i=) 


= 


5 
w 
o 
~ 


and 


During the main experiments rather difficult rotate the stem about 
the sphere whose center must remain stationary the point measurement. 
For this reason the pitot sphere has been calibrated beforehand such way 
that the manometric readings ha, hs, and hg, taken during step (2), may 


used directly give values the velocity head the vector and its inclina- 
tion angle 


7 
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Calibration the Pitot this calibration, the instrument given 
different angles inclination varying from with direction 
parallel flow whose velocity, and static pressure, are known (see Fig. 3). 
For any angle within the specified range, manometers and are first ad- 
justed give the same reading, and the manometric heads h’s, and 
are then recorded. 


Elevation Through s-s 


Fie. 2.—Fiow CoorpinaTss aNp VELocITyY CoMPONENTS 


Consider the case potential flow around frictionless sphere, rep- 
resented Fig. From the theory fluid the pressure head 
any hole lying central angle the direction the parallel flow, 
given 


The symbol termed the “dynamic the hole demon- 
strated Eq. depends only the central angle Substituting 
Eq. the manometric heads recorded the calibration test and 
the corresponding dynamic coefficients (ka, ke, and for any angle 


4 “Aerodynamic Theory,” William Durand, editor, Julius Springer, Berlin, 1934, p. 213. 
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are determined. different values for are taken, the functions ks, ke, 

and kg, with respect angle can now obtained from Fig. 
Furthermore, there functional relationship between any angle and its 

corresponding manometric heads and Calling this function 

ks, factor,” the relationship may expressed follows: 


(5) 
1.0 5.0 
4.0 
3.0 
. ae sl 
~ = 
> = 
-08 
solely dependent the manometric heads the dynamic coefficients 
the holes, which coefficients have been shown depend entirely upon their 
central angles and with respect the direction the parallel flow. 


Since each one these angles bears direct relationship the angle inclina- 
computed from Eq. for the different values lying between 
60°, then the relationship between and angle can obtained from 
Fig. 

the calibration curves the pitot sphere have been predetermined, 
Fig. step (3) the foregoing measuring procedure may replaced the 
following step (3a), noting that and h’, for pitot sphere inc'ined 
parallel flow, are equal and respectively, when the pitot sphere 
held normal the axis the channel and the velocity vector inclined 
any angle 
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(3a) Substituting the values the manometric heads recorded step (2) 
(namely, he, he, and ha) Eq. 


and 


The velocity head the vector may computed from the following relation- 
ship: 


The static pressure head the measuring point will 


find the angle inclination the vector, the inclination factor first 
computed from the manometric heads according Eq. and the corresponding 
angle then obtained from Fig. 

The pitot sphere used this research work was calibrated still-water 
channel, 120 long (393.70 ft). The instrument was given angles inclina- 
tion the channel axis ranging between 60° and was then towed 
various selected speeds ranging between 0.50 per sec and 3.00 per sec 
(9.8 per min 59.0 per min). The dynamic heads were recorded during 
the uniform motion the pitot sphere. this calibration, the static pressure 
head Eq. was zero since represented only the dynamic pressure head 
The results showed that the dynamic coefficients the holes, for any 
angle were almost constant the range speeds used. This important 
point favor the pitot sphere. 


LABORATORY ARRANGEMENT 


The experimental flume was constructed steel sheets, and the inside 
surfaces were coated with smooth paint. consisted different, separate, 
straight and curved sections that could assembled give any desired 
alinement (Fig. 6). The joints between the sections were filled with rubber 
gaskets 5.0 thick. The flume had uniform cross section wide 
(11.8 in.) and deep When tests were conducted any given 
bend, the bend was preceded and followed straight tangents 5.0 and 
(16.40 and 13.12 ft) long, respectively; there were other bends the 
system. stilling basin, floats, and curved masonry entrance helped 
provide smooth flow the flume; tailgate was used for adjusting the depth 
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The broken lines Fig. show the positions the sections which 
measurements were taken. the bed both the first section (Station 
Fig. and the last section (Station B), three holes were drilled which were 
connected common tube that the observer was able measure the drop 
the water surface between the two stations. This was done two glass 
containers, mounted common board, each fitted with point gage. The 
rate discharge was measured two previously calibrated sills. 

all the experiments the bed the flume was kept horizontal and the flow 
approached the bend streaming state. The experimental study covered 
the effect the partial variations the following parameters: r./b, y/b, 
and The mean value Kutter’s coefficient roughness (as computed 
from the Manning formula) was found, for the range experiments the 
present research, 0.01012. 


AND AROUND BENDS 


The Spiral Motion Straight Flume.—Fig. presents the contour lines 
the velocity components v,, and the midsection straight flume 9.0 
long, the flow coordinates being shown The magnitudes and direc- 
tions the lateral currents are represented the dimensioned arrows the 
measuring points. visualize the lateral motion, “direction were 
drawn interpolation. These lines should not confused with the 
lines” since they not obey the known equation continuity. The zero 
contours and intersect point which the flow parallel the 
longitudinal axis the flume. Point may considered the intersection 
the axis the spiral motion with the plane the cross section. Although 
the rotary motion about this axis not uniform, single spiral motion, never- 
theless, easily discernible. This differs from the spiral motion straight 
pattern included one spiral each side the center line where the maximum 
superelevation existed. quite probable that such case double spiral 
motion does not occur straight channel unless has long and uniform 
reach, sufficiently removed from the inlet, permit the equalization shear 
stresses both sides. The highest water level would then the center 
the stream. short laboratory flumes, the small disturbance the en- 
trance, being usually inevitable condition, sufficient cause the zone 
highest water level shift one side, thus giving rise single spiral motion. 

The Spiral Motion Around 180° Bend.—Fig. shows the contour lines 
the velocity vector and the lateral currents eight sections around 
180° bend. The forward-velocity contours, v,, are also given for some these 
sections. The conditions flow are the same those for the straight flume 
the previous paragraph. Fig. shows that the general distribu- 
tion the flow around the bend passes through three distinct stages. 

the first stage (sections Fig. 6), the v-contours and the v,-contours 
keep adjusting themselves until they become almost flattened out vertically 


and Its Gibson, Constable Co., Ltd., London, 1934, 4th 
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Fig. OF THE VELOcITY Components, 
(Velocities Are in Centimeters per Second ( =1.9685 Ft per Min); y/b = 1; 


and parallel one another; and velocity contours much higher values occur 
near the inside wall. This stage ends section (at 60°, Fig. 8(c)), where the 
superelevation the water surface, the maximum velocity vectors, and the 
maximum forward-velocity components have values greater than those any 
other section the bend. 

During the second stage (sections 11, Fig. 6), the contours maximum 
velocity gradually move from the inside wall, causing such great deceleration 
there that discontinuity region formed the exit the bend adjacent 
the inside wall (section 11). spite this discontinuity, however, the flow 
the outer half the section fairly evenly distributed. 

the third stage (sections 16, Fig. 6), the distribution the flow 
readjusted until reverts the conditions straight flume. 

virtue the centrifugal force, the lateral currents along the bend show 
continuous tendency deviate from the original pattern the straight ap- 
proach flume and form new one. The new pattern, with axis will 
called the “centrifugal spiral motion” distinguish from the spiral 
motion” straight flume whose pattern has axis The centrifugal 
motion becomes perceptible near the bed section and then expands gradu- 
ally the flow moves around the bend. result this action, the original 
pattern pushed the upper outside corner the section until ultimately 
disappears near the exit the bend, section 11, Fig. this section the 
centrifugal motion almost occupies the full cross-sectional area, with the excep- 
tion the region close the inside wall which occupied the wake 
separation. the flow leaves the bend and advances downstream, the original 
motion reappears the upper regions (section 12). then expands gradually, 


760 
Contour Lines Equal Vector Contour Lines Equal Component Contour Lines Equal 
« 


OPEN FLUMES 761 


pushing down the centrifugal pattern, which, however, does not totally dis- 
appear until section reached, where the lateral motion becomes similar 
again that straight flume. 

will noted from the foregoing that the assumption that there single 
centrifugal spiral motion moving uniformly along the bend erroneous. 
matter fact, complicated flow pattern produced the interference the 
spiral motion (originally taking place the straight approach flume) with that 
caused the bend action. the present work the centrifugal pattern was 
fully developed only for short length flume the vicinity section 11. 

The effect the spiral motion the specific energy diagram the curved 
flume shown Fig. which the five lines, and may defined 


follows: 

Curve Definition 

The line mean depth flow along the flume 

The specific energy line obtained adding the kinetic energy 

2 

the mean forward velocity, the mean depth flow, ym, 

any section 

2 

the mean kinetic energy the forward motion any 
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(h) Section 247 (8.1 {t) downstream from bend 
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(Gg) Section 12 at 50cm (1.6 ft) downstream from bend 
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Curve Definition 
which the mean forward velocity; the area the 
water cross section; and the forward-velocity component 
elemental area 


The true specific energy line the flume obtained adding 


2 
the value the mean total kinetic energy any sec- 


tion, given 


The friction line obtained experimentally, representing the 
specific energy line for equivalent length straight flume. 


for any section, were solved graphically planimeter, from the 


v-contours and 


Downstream tangent 
Energy loss, centimeters, 


resulting from: 
Bend, 1.39 


33.00 


w 
N 


educed Levels, in Centimeters 
° 
Reduced Levels, in inches 


cm 
above bed-level of flume | 


2 3 5 6 9 ll 12 13 14 i5 16 B 
Sections (see Fig 6a) 


Fic. 9.—Enezrcy Diacrams ror AN 180° Benp (re/b = 1.00; ya/b = 1.00; and R4 = 73,500) 


The ordinates between curves and any section represent the mean 
kinetic energy the lateral motion given 


The ordinates between curves and represent the accumulated energy 
losses resulting from the bend resistance, whereas those between curve and 
the static energy line, Fig. are the accumulated energy losses from friction. 


Although the values the different sections the bend are rela- 


tively small, they are, nevertheless, the cause the apparent inconsistency 
the energy line, curve Fig. whose ordinates some sections acquire greater 
values than preceding ones. This shows the importance using the pitot 
sphere for measuring the velocity components, true analysis pro- 
nounced three-dimensional flow obtained. 
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Strength Spiral definition the strength three- 
dimensional flow has come the writer’s notice. Such definition, however, 
essential order able visualize the effect the spiral flow different 


Strength of the Spiral Motion (S,,), in Percentages 


0.50 1.00 , 2.00 3.00 
Parameter ° 


5x 10* 6x 10* 7x10* 8x 10* 9x 10* 10x 104 
Parameter Ra 


0.60 0.70 0.80 0.90 1.00 1.10 1.20 


Parameter 


Fic. 11.—Errecr or tan Dirrerent PARAMETERS ON THE STRENGTH OF THE SPrRAL MOTION 


bends under variable conditions flow. this paper the strength spiral 
motion any section taken the percentage ratio the mean kinetic 
energy the lateral motion the 


PARAMETERS 
Case Ra re/b ya/b @/180° 
73,500 1.0 1.0 


the case flow with stream- 
lines parallel the axis the conduit, The magnitude 
determined any cross section from the contour lines the velocity vector 
and the forward-velocity components Eqs. 


— 
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The strength the spiral motion was studied for each the four parameters 
Station Fig. 6(a)). particular section was chosen for comparing the results 
all the bends, section 11, Fig. Four groups tests were run. each 


(a) SURFACE LEVELS 


(b) FORWARD VELOCITIES 


$0. 


Fig. 12.—Conrour Lines or Equau Surrace Levers—In Centimeters (=0.3937 In.) ABOVE THE 


1.00; ya/b 1.00; and, with 77.8 per Sec per Min), 73,500) 


group, three parameters were kept constant values while the fourth param- 
eter was given least four different values. The v-contours and 
were plotted for each case. Fig. shows the and the 
for only two values the parameters and Fig. gives the 
four parametric functions plotted the same vertical axis but with 
horizontal axis for each the four parameters. The magnitudes the three 
constant parameters for each case are shown Table 
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From Fig. the following noted: 


(a) low values the corresponding are comparatively high 
(by increasing Ru, the gradient the curve decreases) 

(b) does not decrease appreciably value beyond the ratio 3.0; 

(c) decreases the depth-breadth ratio increases; and 

(d) For the range (straight channel) 0.5, the increase 
nearly twice that for the range 0.5 1.0. 


Behavior Water Surface and Forward-Velocity 12(a) 
shows the configuration the water surface around 180° bend. Fig. 
gives the forward-velocity contours horizontal section taken height 
above the bed equal four tenths the mean depth flow. The path the 
thread maximum velocity, Fig. deviates from its normal course 
section upstream from the bend. This section (which distance three 
times the bed width from the inlet) marks the beginning the “adjusting 
process” which the flow forced the bend action adapt itself cer- 
tain distribution. This distribution occurs the radial section passing through 
point which the water surface attains its minimum level and the path 
maximum velocity almost touches the inside wall. Beyond point the path 
gradually moves outward until crosses the center line the flume the 
section that passes through the separation point then approaches the 
downstream outer wall and runs parallel for distance which the 
“readjusting takes place. 


Fic. 12) anp Pornts SEPARATION 12) 
FOR VARYING PARAMETERS (THE PARAMETER y/b 1.00, ConsTANT) 


eter 
0.50 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1 1.000 1.000 
1.00 0.111 0.250 0.189 0.500 0.250 0.611 0.306 0.889 0.667 1.000 
2.00 0.033 a 0.067 0.1 0.133 0.333 aan 
3.00 0.000 000 0.044 0.056 e 0.167 
6/180° (b) re/b = 1.00, a Constant 
0.25 0.111 0.222 0.333 0.667 0.333 0.667 0.400 0.710 0.556 0.889 
0.50 0.111 0.250 0.189 0.500 0.250 0.611 0.306 0.889 0.667 1.000 
0.75 0.148 0.333 0.185 0.445 0.296 0.556 0.371 0.926 0.445 1.000 
1.00 0.056 0.778 0.111 0.778 0.167 0.805 0.278 0.833 0.333 1.000 


* No separation. 


The point maximum surface depression and the point separation 
were located for different bends under widely different conditions flow, 
cited Table The positions the two points are given terms the 


OPEN FLUMES 769 


ratios their angles and measured from the inlet the bend the total 
angle the bend. 

The ratios and were found only slightly affected varying 
the parameter y/b. the other hand, they decrease very quickly the 
values increase. 3.0, point almost lies the beginning 
the bend and separation the flow occurs. 

Fig. shows that both the contour lines the water surface and the for- 
ward velocity are more less parallel the walls the bend the vicinity 
the radial section which passes through point indicating the existence 
functional relationship between the radius curvature, the depth flow, 
and the forward velocity. Investigations different bends showed that the 
flow conditions this radial section are very similar those free irro- 
tational vortex, long the depth flow point greater than the critical 


depth the streaming state. radial sections either side point the 
similarity diminishes. 
This characteristic flow section may applied determine the 
forward-velocity distribution and surface profile curves. For example, 
free-vortex motion, 
and 
y2 
also, 


and 


Eqs. 12, and are the inner and outer radii the bend, 

the circulation constant free-vortex motion; and the elevation the 
specific energy line any section. 

and are known, the constant can determined from Eq. 

The velocity and the depth any radius are then obtained according 

Eqs. 11. The superelevation the water surface will then given 


For the practical application Eqs. 12c, and any bend, Table 
used give the position point The height the specific energy line 
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first determined for any section the straight approach channel (far 
removed from the inlet the bend) from the formula: 


which the velocity head corrective factor may assumed equal unity 
without appreciable error. The elevation then obtained subtracting 
from the energy lost normal friction and the additional energy lost from 
bend resistance the radial section passing through point repre- 
sents the ratio the latter loss its total value the bend, and the 
tance between the two sections, then, 


which the energy lost friction per unit length straight channel 
and may either determined experimentally calculated from the Manning 


= 
30 12 
c 
LEGEND 
2 Curves considering factor U = 
© ——-— Curves not considering factor U = 
> —— Experimenta! curves 
6 > 
10 4 
£1 2 
160 


Fie. 13.—Cuxnves or Surnrace Prorite anp Forwarp-VeLocity DistRiBuTION 


formula, and the energy lost due bend resistance which may obtained 
from Fig. explained subsequently. The coefficient was found 
more less constant for any bend and have value 0.4. 

The predetermined curves the forward-velocity distribution and surface 
profile for any bend (obtained assuming the existence theoretical free 
vortex) were found reasonably accurate long the angle the bend 
was greater than 90°. The theoretical and experimental curves were obtained 


> 
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for several bends under different conditions flow. 180° bend taken 
example and the pertinent curves are shown Fig. 13(a) broken and full 
lines, respectively. The experimental curves the forward-velocity distribu- 
tion are for the horizontal section 

When the angle bend less than 90°, the differences between the theo- 
retical and the experimental values gradually increase. These differences, 
however, could reduced introducing the free-vortex formula coeffi- 
cient (which function the angle bend) that the formula becomes 


The coefficient obviously also function the radius since must 
independent the angle the bend becomes zero (straight channel). 
Assuming that varies linearly between and 90°, and that its 
and 1.0, respectively being the 


mean forward velocity straight channel), then, for any angle the coeffi- 
cient will given 


values these two extremities are 


U= + (10 Ve 


The experimental curves the surface profile and forward-velocity distri- 


bution are compared Fig. with the theoretical curves calculated with 
and without the introduction the coefficient 


wo 


Center-line of bend 


Fic. 14.—Compartson Berween ACTUAL AND THEORETICAL SHAPES OF THE WATER-SURFACE PROFILE 


Fig. shows the actual water-surface profile 180° bend compared 
with the theoretical profiles obtained the foregoing assumption free 


vortex, and the application each the following two formulas which are 
generally used practice— 


and 
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© 
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Eq. 17a, the surface profile straight whereas Eq. (de- 
rived logarithmic curve. both formulas the forward 
velocity assumed constant throughout the entire cross section. the 
fact that the superelevation attributed the centrifugal force, the effect 
this force the velocity distribution, however, not taken into consideration 
either formula. 

Effect the Bend Action Movable the bed curved 
channel erodible material, stable configuration that bed developed 
virtue the centrifugal spiral motion. noticeable Fig. that the 
strongest lateral currents occur near the outside wall the midsection the 
bend (section 8), with downward movement. Beyond this section, the cur- 
rents move diagonally along the bed toward the inside wall until they become 
close near the exit the bend, section 11, with upward inclination. 
These currents are not uniformly deflected toward the inside wall, however, 
but are grouped separate zones which develop separate scour regions (pools), 
shown Fig. 15. The scoured material from these regions crosses the bend 
diagonally toward the inside wall near the exit the bend where settles 
because the upward inclination the bed currents. sand bar thus 
formed close the inside wall the downstream straight channel. 

The different effects the four parameters Ru, r./b, ya/b, and were 
studied four groups The bed level the bend well that 
adjacent downstream section was lowered below the general bed level the 
flume. The depression was then filled with sand uniform grain, 
The surface the sand was then given the same level that 
the remainder the flume. The effect the bed load which might 
carried the bend from the upstream channel was thus eliminated. Fig. 15(a) 
shows the results tests 180° bend with three different depth-breadth 
ratios, and Fig. gives the results 90° bend with three different radii. 
both illustrations the full lines indicate the contours the deformed bed, 
and the broken lines represent the main ridges. The original bed level before 
the flow was allowed the flume was considered contour lines 
are given terms the final depths deposit scour the original mean 
depth flow ya. Such representation produces dimensionless contours that 
help illustrate the relative size the deformation the bed. 

Fig. 15(a) shows that, the depth-breadth ratio decreases, the volume 
the sand bar the inside wall the downstream straight channel increases and 
the scour the outside wall becomes deeper. natural waterways, which 
generally have low depth-breadth ratios, this phenomenon might lead 
change the watercourse downstream from the bend the sides were also 
erodible material. 

Fig. demonstrates that increase causes considerable reduc- 
tion the size bed deformation. For the present series experiments 
deformation occurred 3.0. 


18 ‘Hydraulics of Steady Flow in Open Channels,” by 8. M. Woodward and C. J. Posey, John Wiley & 
Sons, Inc., New York, Y., 1941, 112. 


19 ‘Hydraulic Structures,” by A. Schoklitach, A.S.M.E., 1937, Vol. I, p. 151. 
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Lost THE BEND RESISTANCE 


The energy lost from the resistance bend, was obtained subtract- 
ing from the total loss, the energy lost friction equivalent length 
straight flume under the same conditions flow. Such frictional losses were 
determined experimentally beforehand. Energy losses were considered equal 
the fall the true specific energy line (not the water surface) between 
Stations and Fig. This was done because the difference the 
mean velocities the two stations resulting from the horizontality the bed. 

The distribution the energy lost along flume from bend can studied 
from the true energy line, and the friction line, Since the main 
drops line occur the regions the adjustment and readjustment the 
flow distribution, the energy loss chargeable bend resistance may at- 
tributed principally the change momentum these two regions. other 
parts the curved flume, lines and are approximately parallel. This indi- 
cates that both the energy loss ascribed the lateral currents the spiral 
motion and the increase shear stresses the boundaries (the latter resulting 
from the increase the lateral velocity gradient the thread maximum 
velocity approaches the side walls) are relatively small. 

determine the energy resulting from given bend, let the dis- 
tance between Stations and measured along the center line the flume; 
the mean depths flow Stations and and the velocity head 
corrective factors Stations and and the energy lost friction per 
unit length straight flume under the same conditions flow. 

The energy loss chargeable the bend will then given 


\ 


72 2 
h, = (v4 +  ) (vs + an (18) 


The velocity head corrective factor for any cross section given 


Eq. was solved graphically the planimeter from the v-contours and the 
both Stations and for different bends under widely different 
conditions flow. all cases and were each found nearly equal 
unity, with maximum value 1.025. This showed that Stations and 
were not affected the bend action. Eq. 18, therefore, becomes 


72 2 


The results the four parametric functions the resistance coefficient 
which 


—are presented Fig. 16. For the parameter the three families curves 
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are presented Figs. 16(a), and 16(c) indicate the behavior when 
two parameters are kept constant while the third parameter given different 
constant values. For each the parameters and y/b, Figs. 16(d), 
16(c), and 16(f), respectively, only one family curves given. 

The general characteristics the functions are, follows: 


reached (Figs. 16(a), and 16(c)). then shows smaller variations 
the range between 10‘ and the maximum value which could 
range, the function has tendency rise temporarily manner similar 
that the drag coefficients immersed circular cylinders where the temporary 
rise occurs between 1,800 and 

Coefficient decreases y/b increases (Fig. The slopes the 
curves, however, become smaller higher values 3.0, be- 
comes independent y/b. 

Coefficient varies with the parameter reversed curve whose 
inflection point and maximum gradient lie between 45° and 90° 
(Fig. 16(e)). this range, increases approximately from 10% 80% its 
maximum value 180°. 

The &curves Fig. have very steep downward slopes between 
0.5. Coefficient then continues diminish until its value becomes 
negligible r./b 3.0, and the curves become almost parallel the 
The ratio 3.0 outstandingly significant all phenomena resulting 
from the bend action, since, this ratio, the bend action effects attain practi- 
cally their minimum values. The curves Figs. 16(a), 16(b), and 16(c) may 
applied practice, within the foregoing specified ranges, determine 
for bends smooth open channels. For any given case, obtained 
fixing its value with respect two variables. then adjusted with respect 
the third and fourth variables, consecutively. 


example, assume bend having the following data: 60,000, 
y/b 0.7, 0.667 (120° bend), and 1.50. Let required 
find the value From the family curves Fig. 16(c), for 60,000 
From Fig. 16(b), for 60,000, the values corresponding ratios y/b 
0.7 and y/b 1.0 are 0.34 and 0.26, respectively. Therefore, correct 
for y/b 0.7, multiply its previously obtained value 0.34/0.26. Thus, 
multiply 0.30/0.26, obtained from Fig. 16(a). The required value 
thus, becomes 0.249 0.30/0.26 0.287. 


New York, N. Y., 1937, p. 186. 
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GENERAL CONCLUSIONS 


(1) Spiral motion exists straight flumes well curved flumes. 
This fact proved definitely direct measurements taken the pitot sphere. 
curved flume, the spiral motion induced the centrifugal force not 
uniform along the bend. There complicated pattern caused the inter- 
ference the spiral motion (originating the straight approach flume) with 
that produced the bend. The strongest lateral currents appear close the 
outer wall the midsection the bend, where they have general direction 
toward the bed. Their direction and position gradually change through the 
second half the bend until the exit reached, where they approach the inside 
wall with upward inclination. 

(2) The strength the spiral motion S,, bend (defined the ratio 
the kinetic energy the lateral currents the total kinetic energy the 
flow particular section) decreases considerably increasing either the 
Reynolds number the radius-breadth ratio r./b 3.0, 
attains practically its minimum value. The spiral motion also decreases 
(but lesser degree) the depth-breadth ratio y/b increases. the other 
hand, increases the deviation angle the bend becomes greater. From 
90°, the increase S,, nearly double that the range from 
90° 180°. The kinetic energy the lateral currents bend 
relatively small, however, and, consequently, plays minor part producing 
the additional energy loss which mainly the result the change momen- 
tum upstream and downstream from the bend. 

(3) The coefficient (of the energy lost due bend resistance) varies con- 
siderably with each the parameters y/b, and This variation 
explains the enormous differences the results they are not 
lated. Coefficient varies with the parameter reversed curve whose 
inflection point and maximum gradient lie between 45° and 90°. this range, 
increases approximately from 10% 80% its maximum value 180°. 
Between ratios 0.5 and 2.0, falls very rapidly. 3.0, 
attains practically its minimum value. Parametric families curves are 
given here for practical use determining smooth open bends. 

(4) When the channel bed formed erodible material, the bend action 
causes stable configuration which diminishes considerably increasing 
y/b. The practical minimum size this configuration seems 
= 3.0. 

(5) The forward-velocity distribution and the water-surface profile the 
section passing through the point maximum surface depression can pre- 
determined, with reasonably good degree accuracy, the assumption 
theoretical free-vortex distribution. This assumption holds good long 
the depth flow does not fall below the critical depth the streaming state. 

(6) For the proper proportioning bends the ratio 3.0 recom- 
mended gives the minimum radius which all the bend action effects are 
negligible. 
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APPENDIX. NOTATION 


The following letter symbols adopted for use this paper, and its dis- 
cussion, conform essentially with American Standard Letter Symbols for 
Hydraulics prepared Committee the American 
Standards Association, with Society participation and approved the Asso- 
ciation 1942. 


area the water cross section; 
breadth water stream rectangular flume; width the channel 
bed; 
constant; circulation constant free-vortex motion; 
specific elevation the specific energy line any section; 
head, with subscripts generally denoting the point measurement: 
he, etc. manometric heads; 
energy head loss bend from resistance 
calibrated head; 
energy head lost friction per unit length straight 
channel; 
difference water levels the outer and inner walls the 
superelevation the water surface; 
dynamic coefficient, with subscript such denoting point 
reference; inclination factor; 
length; distance between two sections; 
roughness coefficient; linear dimension wall and bed rough- 
unit pressure: 
static pressure; 
pressure when pitot sphere normal the axis the 
channel; 
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quantity flow; rate discharge; 
hydraulic radius; 
Reynolds’ number; 
radius bend; radius curvature any point: 
radius the center the stream; 
radius the inner wall the flume; 
radius the outer wall the flume; 
v 


. 


mean velocity given section; mean forward velocity 
velocity vector any point (Fig. 1(d)): 
velocity component the lateral direction; 
velocity component the vertical 
velocity component the forward direction; 
velocity vector projected the plane the cross section; 
velocity head correction 
central vertical angle (Fig. between the direction the velocity 
vector and given manometer, indicated subscript; 
angle inclination the velocity vector the longitudinal axis the 
channel; 
bend coefficient resistance; coefficient energy loss from bend 
ratio energy lost from bend resistance the total loss the bends; 
function; and 
horizontal angle axial rotation (Fig. 1(d)) between the meridian 
plane and the plane the velocity vector. 
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DISCUSSION 


Assoc. introducing Eqs. 17, the 
author states that they are generally used practice. These equations are 
based upon free-vortex motion with the assumption that the velocity constant 
across radial section the bend. addition, also generally assumed 
practice, when dealing with high velocities and low values that the flow 
around bend based upon free-vortex motion with the specific energy con- 
stant across radial section and with the pressure gradient depth varying 
inversely the radius curvature. That these assumptions lead Eqs. 
and will shown. 

The assumption that the pressure gradient depth varies inversely the 
radius curvature may written 


For the assumption constant specific energy, 
v z Pp 
(23) 
Differentiating with respect 
(24) 
substituting the value from Eq. 22, 
from which 


Eq. identical with Eq. lla. seen therefore that the foregoing 
assumptions lead the fact that the velocity varies inversely the radius 
curvature. 


The value given Eq. Eq. 27, substituted into Eq. 22, yields 


Also, 
% Y 9. 


21 Asst. Chf. Design Engr., Los Angeles County Flood Control Dist., Los Angeles, Calif. 


from which 


which identical with Eq. 13. 

Since constant across any section, its value can obtained from Eq. 
Eq. provided that the velocity and its corresponding radius some 
point are known. practice these values are usually taken the center line 
the channel immediately upstream from the bend. 

sometimes convenient plot the water-surface curve using the specific 
energy grade line across radial line base. Since the change depth 
water equal the change velocity head, Eq. may rewritten follows: 


from which 


The position the specific energy grade line may determined from 
known depth and velocity head, after which the values for various values 
may plotted downward from the specific energy line. 

Particular attention should directed paragraph (5) under the heading, 
“General Conclusions,” which stated that the theoretical assumptions 
hold only long the depth flow does not fall below critical. should 
added that the theoretical assumptions will still valid for depth flow 
below the critical, provided that suitable spiral easement curves are placed 
the channel. 


ASCE.—The Saint Anthony Falls Hydraulic Laboratory Minneapolis, 
Minn., has made some studies flow through radius bends, particularly 
closed ducts. The studies have been both and 
and have been partly summarized bulletin the The 
findings are general agreement with those the author. Actually, the 
character the flow and the variation spiral strength and bend loss with the 
flow parameters are much the same closed and open bends. 

There are two additional parameters that should included Eq. 2—(1) 
parameter describing the flow approaching the bend and (2) term the 
y2 
g 
Asst. Prof., Saint Anthony Falls Hydr. Laboratory, Univ. Minnesota, Minneapolis, Minn. 


Saint Anthony Falls Hydr. Laboratory, Univ. Minnesota, Minneapolis, Minn. 
™* “Fluid Flow Diversion: A Summary and Bibliography of Literature,”” by Alvin G. Anderson, Project 
Report No. Saint Anthony Falls Laboratory, Univ. Minnesota, Minneapolis, Minn., August, 1947 
Nature Flow Elbow,” Edward Silberman, Project Report No. Saint Anthony 
Hydr. Laboratory, Univ. Minnesota, Minneapolis, Minn., December, 1947. 
***Hydraulics of Conduit Bends,” by Alvin G. Anderson, Bulletin No. 1, Saint Anthony Falls Hydr. 
Laboratory, Univ. Minnesota, Minneapolis, Minn., December, 1948. 


Froude number type, introduce the effect the free surface the 
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flow open channel. The late ASCE, showed that 
the approaching flow (whether symmetrical distorted toward the in- 
side outside the bend) quite important determining head loss 
closed bends. reasonable assume that also important open 
bends. Not only the velocity distribution but also the lateral currents the 
approaching flow are important. approaching spiral may either enhance 
retard the normal development spiral bend. obtain truly 
quantitative understanding the parameters studied this paper, be- 
lieved that uniform, nonspiraling approach flow should have been provided 
even though such flow may not exist naturally. 

Theoretically, the Froude number the flow should considered 
factor the development spiral currents. seems unlikely that the char- 
acter the secondary currents would similar, for constant Reynolds 
number, the Froude number were near the energy critical were well 
below the critical well above the critical. experiments the flow 
open channel bends have been conducted with the flow either definitely sub- 
critical definitely supercritical. separate the influence the Froude 
number from that the Reynolds number would require experiments chan- 
nels many different sizes, including those used practice wide variation 
the kinematic viscosity single channel. since the spiral 
currents are essentially frictional phenomenon, there reason expect that 
for the Froude numbers well below the critical the development the spiral 
currents would more less independent the Froude number. far 
the spiral currents can considered independent the Froude number when 
the flow definitely subcritical, their development will analogous the 
development spiral currents bends closed conduits. this extent 
the results the more numerous experiments the flow conduit bends 
will aid materially understanding the similar flow phenomena open 
channels. 

The author has not discussed the physical factors producing the bend 
spiral, perhaps purposely. Neverthless, knowledge these factors im- 
portant for understanding the spiral flow. explanation used Mr. 
Silberman 1947 supported data from closed but the data pre- 
sented Fig. also fit the explanation allowance made for the approaching 
spiral. The spiral flow begins lateral boundary current near the point 
where streamline curvature begins and the bottom, inside corner the 
channel. The lateral current forms result pressure differences created 
between the bulk the fluid, which tends rapidly accelerated near the 
inside wall accordance with potential flow pattern, and the fluid near the 
bottom boundary which retarded wall friction. Initially, the lateral 
current along the inside wall away from the bottom, and along the bottom 
toward the inside wall. These currents are recognizable Fig. 8(b). Lateral 
currents are generated the bottom, inside corner long the streamlines 
continue curve with the bend. first, the lateral currents are confined 
thin boundary layer and are very intense that layer. 90° closed bend, 


* **Plow of Water oe 6-Inch Pipe Bends,” by D. L. Yarnell, Technical Bulletin No. or", U.8.D.A., 
Washington, C., 1937, 
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with the intense lateral currents were confined thickness less 
than for the first 45° the 

Downstream from the inception curvature, the lateral currents spread 
along the bottom and the inside wall the requirements continuity. 
Eventually, motion toward the inside can detected along the entire bottom 
boundary; but along the inside wall motion toward the top limited 
height equal about two channel breadths, matter how deep the water. 
These lateral boundary motions are diffused the interior viscous action 
that the internal fluid gradually given rotary motion which, combina- 
tion with the through flow, produces the spiral. With uniform approach condi- 
tions, the lateral currents are always most intense near the inside wall where 
they are generated and least intense near the outside wall. 
among others, calls attention this characteristic. 

The flow toward the surface near the inside wall finally results return 
flow the interior near the surface and this, turn, contributes toward 
separation effect the surface the inside wall. Where the lateral currents 
have not yet penetrated, the flow nearly potential. Frank 
demonstrated the latter point very deep bend (large y4/b) 300° curva- 
ture; the tendency may also seen Figs. 8(c) and 8(d). 

Under the foregoing assumed conditions uniform, nonspiraling, approach 
flow, there single spiral flow open bend. order that the spiral 
motion may become uniform, however, the bend curvature would have 
continue farther than any practical bend—probably through more than 
full circle for most values the parameters and 

The dip the energy diagram near the beginning the bend (Fig. curve 
may explained the initial formation the lateral currents. first, 
these currents are close the boundary that they are not included the 
measurements, and there apparent loss energy. more lateral 
currents are generated along the bend, the original currents are diffused the 
interior and are included the measurements; thus, the apparent loss energy 
not great. Actually, energy being lost continually the lateral 
rents are damped viscosity. The energy content the lateral currents 
near the boundary quite large and very large part this energy lost 
viscous action. The energy loss from this cause major part the bend 
loss, especially when the parameter not too small. dip the 
energy diagram, beyond the bend, might attributed form loss (vortices 
resulting from separation the flow). The magnitude this loss should de- 
pend principally the parameter (The author’s statement (under the 
heading, paragraph (2)) the effect that the additional 
energy loss bend the result change momentum upstream and 
downstream from the bend not understood the writers.) the ratio 
large enough that the lateral currents occupy only relatively small 
part the cross section near the bottom and form loss near the end the 


bend ignored, the bend loss scarcely exists shown Mr. 


™***A Study of the Effect of Curvature on Fully Developed Turbulent Flow,” by Frank L. Wattendorf, 
Proceedings, Royal Soc. London, Vol. 148, Series 1935, pp. 565-598. 
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The author’s method expressing spiral strength novel and appears 
satisfactory basis comparison, even though the total energy the 
lateral currents not being measured. One the writers tried, unsuccessfully, 
obtain quantitative basis comparison and appreciates the author’s con- 
tribution toward this problem. When time permits, the author’s method will 
applied the writer’s attempt correlate spiral strength and 
bend loss. complete study would have consider the effect separation 
loss well spiral strength.) 

suggested that the data presented Fig. might have been extended 
smaller values the parameter (which would have required larger 
channel because the Froude number effects). comparison with closed 
bends (where depth-breadth ratio unity corresponds 0.5 sym- 
metry) the spiral currents become very intense smaller values 
idea the spiral strength and associated energy loss these smaller values 
would useful. the other hand, becomes large, the spiral strength 
should approach zero The trends shown Fig. may 
predicted qualitatively the basis the foregoing explanations spiral 
origin. addition the effects shown, increasing roughness would 
accompanied more pronounced boundary retardation, stronger lateral 
currents, and stronger spiral the end the bend. 

believed that the spiral strengths shown Fig. and the bend energy 
loss values shown Fig. are both too small because the spiral flow ap- 
proaching the bend. Had the approaching spiral been the opposite direc- 
tion, the values would have been too large. The trends the curves, however, 
are undoubtedly correct. Furthermore, the distance downstream from the 
bend which the flow returned its characteristics has probably 
been reduced the approaching spiral. Normally, distance twenty 
more channel breadths should required but only about eight were needed 
the data represented Fig. 

The author’s experiments were performed channel with single degree 
roughness; consequently, the roughness parameter, Eq. remains 
constant and has influence the results. discussion the effect 
relative roughness the coefficient resistance bend closed conduit 
will throw some light the influence relative roughness the open chan- 
nel bend. 

Hilding has suggested that the relative roughness k/r for conduits 
might estimated from 


which the friction coefficient the straight pipe the same character 
asthe bend. the published literature indicates that, for the region 
where the coefficient bend resistance was independent the Reynolds 
number, the coefficient bend resistance could expressed linear func- 
tion the relative roughness for each value relative radius. For those 


Losses for Fluid Flow 90° Pipe Bends,” Hilding Beij, Journal Research, 
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bends for which the value and the Reynolds number indicated that the 
bend was hydrodynamically smooth, the relative roughness was assumed 
zero. this method the measured coefficient bend resistance could 
corrected and much the scatter points relating the coefficient the rela- 
tive radius was eliminated. For values relative radius between and 10, 
however, some anomalous results appeared which indicated that factor other 
than relative roughness influenced the coefficient bend resistance this 
region. One might expect that for low Froude numbers the effect roughness 
the open bend resistance would similar. 

The author should complimented the use the pitot sphere deline- 
ate the complex flow pattern bend. However, should borne mind 
that, when used near the boundary, must somewhat limited wall 
effects. For measurements this region the pitot cylinder might more 
satisfactory for measuring the intense lateral currents. The latter instrument, 
together with yarns, dye bubbles, and wall coatings, was used the 1947 
work Mr. 


flume have been made measurably clearer the data presented this paper. 
this connection, mention should properly made the studies 
Wittmann and Béss reported the first meeting the International 
Association for Hydraulic Structures Research, held Berlin, October, 
Working the Technical University Karlsruhe, Germany, they based their 
computations the potential theory, and produced results comparable 
those obtained Mr. Shukry. 

Europe, the investigation flow around bends dates from 1868, when 
Fargue applied empirical laws the regulation the Garonne River 
France. Subsequently, 1902, Mr. Fargue developed the theory supporting 
his laws. 

Holland, where the rivers are occupied unusually intensive shipping 
industry, the subject Mr. Shukry’s paper particularly applicable the 
design groins guide the flow both the upper and lower reaches. How- 
ever, the problem extensive the lower reaches the river, where the reverse 
action salt tidewater disturbs the normal flow around bends the river 
because spiral motion possible only the part cross 
section that filled with water the same specific gravity. 


Assoc. the discussions the paper were 
interesting and appreciated the writer. Mr. Outland states that Eqs. 
are based upon free-vortex motion with the assumption that the velocity 
constant across radial section the bend. practice, unless these equa- 
tions are applied only very narrow bends, the writer believes that the 


*® Civ. Engr., Rijkswaterstaat, The Hague, Holland. 


Julius Springer, Berlin, 1938. 


*Eenige Beschouwingen over De Waterbeweging in Beneden Rivieren,” by J. J. Canter Cremers, 
Ingenieur, September 17, 1921. 


* Asst. Prof. of Irrig., Faculty of Eng., Farouk First Univ., Alexandria, Egypt. 
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pressure and velocity any point cannot dissociated. That the pressure 
gradient varies inversely the radius curvature the streamline fact 
which was established Leonhard the following general form for 
irrotational, unsteady flow: 


given the natural coordinate system, representing the velocity 

fluid particle and the velocity component direction which normal 

the streamline the origin the coordinate system. Considering steady 


flow and subtracting the quantity from both sides, 


Assuming that the energy constant across radial section, then, 


Eq. expresses the general relationship between the velocities and the 
radii curvature the streamlines; but does not give the free-vortex dis- 
tribution velocities and pressures except for the case which the fluid 
moves concentric layers around common axis, where and 


Eq. for theoretical free-vortex motion. The magnitude con- 
stant the entire motion. bend, the circulatory motion being disturbed 
the straight tangential channels, the value the different radial sec- 
tions across the bend should variable. Therefore, Eq. 366 generally 
used the form: 


The results the experiments reported the paper justify the foregoing 
treatment. The similarity the actual flow with the free-vortex motion dimin- 
ishes decreasing the angle curvature the bend. Moreover, this simi- 
larity exists only the part the curve that has the maximum superelevation. 
The value the circulation constant Eqs. 11a, 27, cannot, therefore, 
determined the center line the channel immediately upstream from the 
bend stated Mr. Outland. The writer appreciates the addition given 
Mr. Outland paragraph (5) the Conclusions” that 
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the theoretical assumptions will still valid for depth flow 
below the critical, provided that suitable spiral easement curves are 
placed the channel.” 


The discussion Messrs. Silberman and Anderson constructive and 
mainly positive its conclusions. The authors should complimented for 
their exhaustive study the problem. The writer agrees that the character- 
flow around closed and open bends are much the same. The reason 
that the Froude number ignored the experiments explained Messrs. 
Silberman and Anderson: 


since the spiral currents are essentially frictional phenomenon, 
there reason expect that for Froude numbers well below the critical 
the development the spiral currents would more less independent 
the Froude 


The parameter describing the flow approaching the bend really great 
importance especially for quantitative studies. 

The explanation used Mr. Silberman for the physical factors producing 
the spiral motion through bend interesting. For uniform, nonspiraling, 
approach flow, there single spiral flow open bend. However, such 
flow does not actually exist due the effect the wall friction which, when 
fully developed uniferm, long, straight channel, would cause two opposite 
spiral motions the sides the center the other hand, since bed 
friction the main cause the spiral motion the bend, the complicated 
pattern the bend which results from the interference the approaching 
spirals with the centrifugal spiral motion cannot generally avoided. Chang- 
ing the degree the wall and bed roughness the straight approach channel 
and the bend might modify this pattern, but the small disturbance the 
entrance the experimental flume, which inevitable condition, will still 
give rise spiraling approach flow. this connection has stated 
that theoretical flow ideal fluid around frictionléss bend there will 
spiral motion, the lateral forces both sides the moving mass being 
completely equilibrium along the full depth bend. 

The writer attributes the energy loss bend the momentum changes 
the adjusting and readjusting processes the flow distribution upstream and 
downstream from the bend, respectively. This conclusion obtained from 
results the energy diagrams different bends, example which given 
Fig. all these diagrams, lines and Fig. are very nearly parallel, 
which indicates that other losses (in addition those the normal friction) 
are taking place through the bend. Indeed, the explanation given Messrs. 
Silberman and Anderson the diffusion effect the initial lateral currents 
illustrates the reason why the apparent loss energy through the bend 
not great. 

The writer pleased from Mr. Croes that the subject the paper 
has particular application the design groins Holland. From the view- 
point practical engineering, most the bend effects are objectionable, for, 
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river regulation, water supply, irrigation canals, and high-head water- 
power installations, additional energy losses due bends channels increase 
the total cost. the other hand, engineers concerned with river and canal 
training require clear understanding what taking place the bend 
that they may properly guided laying out their protective works. 
The paper clarifies only the different effects simple bend. Researches 
open bends must continue give fruitful results the practical engineering 
profession. 

closing, the writer wishes express his gratitude all the discussers 
the paper for their interesting and valuable contributions. 
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RESERVOIRS 


INTRODUCTION 


September, 1945, Joint Committee Design and Operation 
Multiple-Purpose Reservoirs was sponsored the Division the 
Society study and report the problems involved the planning, design, 
and operation multiple-purpose reservoir systems for optimum watershed 
development and utilization. The chairman this joint committee Ray- 
mond Hill, ASCE. Six Technical Divisions are represented the com- 
mittee; these with their representatives, all corporate members the Society, 
are: 

Division Representative 
Victor Cochrane 
Edward Sargent 
Sloan 
Phillips 
Brielmaier 
Emil Schuleen 


(Mr. Cochrane died September 25, 1948.) 

was very quickly found the committee that there were fixed 
principles upon which the design and operation multiple-purpose reservoir 
systems could based; nor was there even any agreement what con- 
stituted multiple-purpose reservoir. Some engineers hold that any reservoir 


used susceptible use for more than one purpose should classified 
multiple-purpose reservoir; others restrict the use the term, least for legis- 
lative purposes, such major developments those constructed the federal 
government the Tennessee Valley and those constructed the Mis- 
souri Valley. general, has been the thought the committee that the 
term should include all reservoirs actually de- 
signed and operated serve more than one function and that should exclude 
those whose design and operation are controlled single function, even 
though other benefits accrue by-products. 

marked were the differences between the inchoate philosophies those 
responsible for design and operation multiple-purpose reservoirs that the 
committee felt should obtain public expression and discussion such 
divergent views. number papers were therefore solicited from repre- 
sentatives most the federal agencies concerned and from others affected 
such projects. Ten these papers were presented the Ninety-fourth 
ASCE Annual Meeting; the remaining three were read the ASCE Summer 
Convention Duluth, Minn., the following summer (1947). 

Papers Nos. this Symposium concern the development the 
underlying principles design and operation multiple-purpose reservoirs 
the Corps Engineers, United States Army, the United States Bureau 
Reclamation, and the Tennessee Valley Authority. Papers Nos. are 
directed the application such principles and their effect flood control, 
navigation, irrigation agriculture, and electric power distribution, 
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Papers Nos. describe the activities certain federal agencies that in- 
fluence materially the design and operation and evaluation benefits 
multiple-purpose systems. Paper No. description the relationships 
between the federal government and state governments. Paper No. 
summary and review the conflicting principles and views outlined the 
other twelve. 

This Symposium tendered the membership order that there may 
appreciation the lack agreement among the philosophies the federal 
agencies primarily responsible for multiple-purpose reservoirs and the con- 
flicts between the several functions served such reservoirs. the 
hope and expectation the Joint Committee Design and Operation 
Multiple-Purpose Reservoirs that discussion these papers will result 
clarification the issues involved and lead better understanding the 
interrelated physical and economic factors which determine the optimum de- 
sign any multiple-purpose reservoir. 
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THEIR RELATION FLOOD CONTROL 
AND NAVIGATION 


MALCOLM ELLIOTT,? ASCE 


INTRODUCTION 


For practically all uses except flood control, reservoirs have their main 
purpose retention excess water for future systematic delivery for some benefi- 
cial use, generally over prolonged period. For flood control, however, the 
main purpose the reservoir keep surplus water out the rivers during 
flood periods without regard any future beneficial use the water. The 
storage capacity having been used decapitating one flood, the reservoir must 
drawn down soon possible security against future floods 
assured. this necessity exists, impracticable schedule releases 
the temporarily retained floodwaters over prolonged period for future use 
because would incur the risk another flood arriving while the re- 
servoir does not have capacity retain it. 

the other hand, reservoirs which are depended furnish water for 
navigation schedule releases over considerable period. The objective such 
cases not dispose the water expeditiously but conserve that all 
deficiencies during the low-water navigation period will supplied. Thus, 
there conflict the use reservoir for flood control and the use 
reservoir for navigation. understand the problem, the reader should first 
review the roles performed reservoirs for each the purposes 
considered. 


The use reservoirs one several methods flood control gaining 
popularity and acceptance the engineering profession. Arguments 
levees versus reservoirs are longer heard. Modern thought accepts the 
thesis that all methods flood control—levees, channel enlargement and 
straightening, floodways, and reservoirs—are important the solution 
over-all flood problems. 

Reservoirs are applicable flood control, least are worthy con- 
sideration, where: 


Adequate reservoir capacity can obtained; 

Land property values within the reservoir area are not excessive 
proportion the prospective benefits; 

Suitable dam sites exist; and 

Suitable sites are available, localities where substantial proportion 
the flood runoff can collected—if the reservoirs are too far upstream the 
bulk the storm causing floods may occur downstream from the reservoir 
which case the reservoir will ineffective; and they are too far down- 
stream, important areas upstream will left without protection. 


Army (Retired); Engr., Elliott and Porter, Louis, Mo. 
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Assuming that these conditions have been met adequately, the next im- 
portant problem connected with flood control the question reservoir 
operation. 

The complexities this problem will probably never fully comprehended 
until more experience has been obtained actual operations. Unless flood 
control reservoir has large surplus capacity, the first concern the operator 
should disperse the water soon after has been collected possible. 
Floods can occur the same basin rapid succession. reservoir filled 
one flood and another flood comes along before the waters collected during 
the first flood are disposed of, the reservoir not only will not furnish protection 
from the second flood, but might make worse. Furthermore, when there are 
reservoirs the tributaries basin, unless the releases are care- 
fully coordinated, there the possibility that combination the releases 
might create more serious flood the main stream than nature could produce 
without reservoirs. 


NAVIGATION RESERVOIRS 


Reservoirs for navigation are two different types: (1) Headwater up- 
stream reservoirs whose only function retain surplus waters during wet 
seasons for discharge into the navigable stream below during dry periods 
seasons; and (2) reservoirs the navigation channel itself which form navigable 
lakes pools. Fort Peck Reservoir the Missouri River Montana and 
the headwater reservoirs Minnesota which supply water for the Upper 
Mississippi River are examples type (1). The Tennessee Valley Authority 
(TVA) reservoirs the main stem the Tennsesee River which constitute 
continuous series artificial lakes from the mouth Knoxville, Tenn., are 
examples type (2). These two types navigation reservoirs may con- 
veniently designated upstream reservoirs and channel reservoirs, respec- 
tively. 

Upstream navigation reservoirs are filled with water during the season 
surplus runoff, and the water carefully conserved until the main stream needs 
supplementary water for the maintenance navigable depths. Reservoirs 
are not generally part lock and dam navigation projects, because such 
improvements not usually need any increase over the natural low-water 
flow the river. Only when natural low-water flow very small (probably 
less than 1,000 per sec), where the waterway crosses divide from one 
watershed another, would water from reservoirs needed for such 

Open-channel developments (that is, those which navigable depths are 
obtained regulation not involving any impoundment the water the 
channel), however, usually require substantial minimum discharge water 
navigable channel suitable width and depth maintained. the 
natural discharge insufficient for this purpose, the deficiency could made 
only drawing storage from reservoirs. 

These reservoirs would filled during the season excessive runoff, 
course, and their contents doled out during the low-water season accordance 
with deficiencies natural flow. attention need given retaining 
enough vacant capacity catch possible future floods, the case with 
flood control reservoirs. 
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Upstream navigation reservoirs should not too far upstream from the 
navigable section the river. general, the closer the reservoir where 
the water delivered the channel the more will the water 
specific example, Fort Peck Reservoir not ideally situated 
for assisting navigation the lower reaches the Missouri River and the 
Mississippi River below the mouth the Missouri, because the distance 
the water must travel before can used. The dam more than 400 miles 
above the head the navigation project and 1,200 miles above the mouth the 
river. considerable part the water released from Fort Peck used 
valley storage before reaches the navigable part the river. Furthermore, 
the case the Mississippi River, the need for additional water must 
anticipated about weeks allow time for the water travel from Fort 
Peck the river. result, the supplementary water may not arrive soon 
enough; or, rainfall should occur close the Mississippi River during the 
3-week lag period, the additional water already released might not required. 
Both these conditions tend extravagance the expenditure stored 
water. 

Channel reservoirs pools vary character from the low-lift navigation 
pools the Ohio and Upper Mississippi rivers the high-lift lakes the 
Tennessee River. The low-lift pools the Ohio and Mississippi rivers have 
flood control significance and further discussion these devices paper 
dealing with dual-purpose reservoirs therefore unnecessary. the case 
the Tennessee River, the reservoirs themselves form the navigable waterway. 
far navigation the Tennessee River concerned, the reservoirs should 


contain only enough storage reach the minimum level necessary provide 
navigable depths throughout the length the reservoirs. The actual storage 
capacity these reservoirs over and above this minimum utilized for flood 
control and power, and possibly could diverted for the benefit navigation 
the Ohio and Mississippi rivers below the mouth the Tennessee River. 
regard the latter possible use, the Tennessee River reservoirs would 
classed upstream reservoirs. 


Because the conflict between uses for navigation and flood control, de- 
previously, will not generally possible build reservoir primarily 
for one purpose and expect that will automatically and fully serve the 
other. Deliberate measures must taken both design and operation 
make sure that both purposes will served. 

Instances may found which the aforementioned conflict does not 
oceur. understood that the case TVA reservoirs the behavior and 
the time occurrence floods are believed sufficiently known and con- 
sistent enough warrant filling the reservoirs toward the end the usual 
season excessive runoff and thereafter utilizing the flood control storage space 
for other purposes. 

Thus, dual multiple use the same storage space attained. This 
procedure would safe the Tennessee Valley elsewhere only 
certain that flood can occur after the reservoirs have been filled. 
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does not appear safe, however, assume every case (or even the 
majority cases) that the habits and the behavior river can predicted 
with sufficient accuracy insure that any particular flood the last one the 
season and that flood storage capacity can thereafter dedicated some 
other purpose. This view consistent with the principles observed the 
Corps Engineers, Department the Army, the design multiple-purpose 
reservoirs: 


“In the case reservoir where storage used jointly for flood 
control and for other purposes, essential that the storage capacity 
required for flood control available when needed. Such condition can 
exist only where floods always occur during definite season the year and 
where holding the required flood storage capacity empty during the flood 
season will not affect its availability for other purposes during the seasons 
when floods not 


Any temptation encroach the capacity allocated one purpose 
favor the other should vigorously opposed. Floods unfortunately are 
soon forgotten. Lands may cultivated, buildings erected, and transporta- 
tion lines and industry located the flood plains people who either have 
forgotten the preceding major flood have never experienced major 
flood; and when flood does come enormous damages occur unprotected 
areas because these encroachments. the period between major floods— 
years, decades, generations—it might very difficult retain flood storage 
capacities reservoirs unused when plainly evident that the storage 
capacity might used for assistance navigation, the production power, 
other purposes. This problem one the most serious connected with 
the use flood control reservoirs for other purposes. sufficiently serious 
warrant examination and estimates many, not all, cases determine 
whether the desired dual purposes cannot better and more economically, and 
reliably, attained separate reservoirs allocated each purpose. 


COLLATERAL PURPOSES 


The discussion this point has referred truly dual-purpose reser- 
voirs—that is, reservoirs that are intended serve both purposes without 
emphasis either one the disadvantage the other. There another 
type reservoir development, however, which the primary purpose might 
either flood control navigation with incidental benefits the secondary 
purpose. reservoir designed solely for the purpose conserving water for 
future delivery navigable stream will automatically reduce many the 
peak flood discharges. Even though such reservoir may not always produce 
such incidental benefits—and might even make some floods worse—it believed 
that reservoir built for the primary purpose furnishing water for navigation, 
many instances, will automatically furnish measure flood control benefits. 
Also, single-purpose flood eontrol reservoirs may produce incidental navigation 
benefits. The limitations such use single-purpose reservoirs should 


and Regulations,” Corps Engrs., Army, Washington, C., May 1940 (revised 
February 1945), paragraph 
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thoroughly known, however, that the public will not expect too much the 
way incidental benefits. particularly important that the public not 
assured flood control benefits from reservoir unless the storage capacity for 
that purpose kept available. 


Conclusions from the foregoing comments may stated four parts: 


(1) Dual use reservoirs for flood control and navigation practicable 
under the following conditions— 


When there are suitable reservoir sites far enough upstream furnish 
flood protection valley land, far enough downstream control the desired 
proportion the valley runoff, and near enough the navigable waterway 
that the water can economically and promptly delivered thereto; and 

When there sufficient storage capacity serve both purposes. 


(2) Unless floods always occur during definite season the year, 
unsafe allocate the same storage space both navigation and flood control; 
separate storage zones should established for each purpose. 

(3) Although single-purpose navigation reservoirs may incidentally give 
some measure flood control, and vice versa, they cannot expected serve 
both purposes fully. dual-purpose reservoirs are essential, they must 
deliberately provided for the designs. 

(4) Storage space for flood control may remain vacant and unused for 
many years. The use for other purposes may very strong, 


but cannot diverted and still remain for protection against 
floods. 
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DEVELOPMENT POLICY THE BUREAU 
RECLAMATION 


INTRODUCTION 


1902, upon passage the Reclamation Act, the Reclamation Service 
was organized branch the United States Geologic Survey and con- 
tinued until 1904, when the Reclamation Service was established inde- 
pendent branch the United States Department the Interior. The name 
the agency was changed Bureau Reclamation 1923. The operations 
the bureau have been guided the Reclamation Act 1902, together with 
numerous acts amending supplementing it, which the Reclamation Project 
Act 1939 probably the most important. 


IRRIGATION 


The Reclamation Act 1902, comprised ten short sections (of which one 
has since been repealed), was relatively simple piece legislation aimed only 
bring federal aid into irrigation development which had been stalled 
combination poor engineering, inadequate financing, and failure recognize 
the problems converting sagebrush going farm. That act nowhere 
makes reference any use control water other than for irrigation. 
contained one important provision, however, and that the authorization for 
the withdrawal public lands from entry for reservoir purposes. Since the 
western states which the Bureau was authorized operate the Recla- 
mation Act 1902 still contain much public land, the power withdrawal 
has been very useful setting aside and holding for present and future use 
large number reservoir sites which are will useful for power production, 
flood control, and other purposes, well for irrigation. 

The paramount purpose irrigation has been reiterated public state- 
ments policy the Department, the Bureau, and their responsible officials, 
time and again. Supporting legislation found such acts those April 
16, 1906, February 24, 1911, and September 18, 1922. The Boulder Canyon 
Project Act December 21, 1928, placed river regulation, improvement 
navigation, and flood control ahead irrigation that project; but the 
irrigation purpose was tied the compact which, with the approval Con- 
gress, states that navigation has ceased exist. The Central Valley Project 
California has like authorization the Act August 28, 1937, but there 
navigation has real importance. When the maximum ultimate development 
irrigation was threatened navigation planning and authorizations, the 
Flood Control Act December 22, 1944, and the companion River and Harbors 
Act the following January effectively established the principle that irriga- 
tion paramount use throughout western United States, where essential 
successful agriculture. 


Hydr. Engr., Bureau Reclamation, Denver, Colo. 
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The first instance the recognition power Bureau legislation appears 
the Act April 16, 1906, Section which authorizes the secretary, where 
power necessary for the irrigation lands, sell the surplus power produced, 
for periods not exceeding years. Preference such sales given for 
municipal purposes; and the income credited the project from which 
the power derived. That act and subsequent acts relating power provide 
that the production power must not impair the irrigation efficiency the 
project. 

1910 the enabling acts for the states New Mexico and Arizona provided 
for reservation lands actually prospectively valuable for the development 
water power and transmission power, and later the same year Congress 
authorized the withdrawal lands generally for water power sites. 

February 24, 1911, Congress amended Section the original reclama- 
tion act, authorizing power development all projects with power 
contracted for periods except that the Rio Grande Project 
authority was given for power contracts years, and similar authoriza- 
tion with respect the length the power contract was extended the 
Salt River Project (Arizona) the Act September 18, 1922. 

Nowhere the Bureau legislation power production accorded recognition 
function superior the use water for any other purpose. Section 
the Reclamation Act requires procedure conformity with state and terri- 
torial laws establishing water rights result which power rights have 
been established; and these power rights are some cases apparent conflict 
with subsequently established irrigation rights—yet the policy power 
operations date has been strictly one noninterference with any irrigation. 


Although power development was not mentioned the original reclamation 
act, and the transmission power over material distances was still its in- 
fancy the earlier years the twentieth century, noteworthy that, even 
before 1910, provision for future power development was made the designs for 
practically every dam real height, among these being the Shoshone (Wyo- 
ming), Arrowrock (Idaho), Elephant Butte (New Mexico), and Pathfinder 
(Wyoming) dams. Irrigation pumping required power plant Minidoka 
Dam (Idaho). 

All the earlier Bureau power plants were built either because they were 
required for irrigation pumping Bureau projects, with their capacity wholly 
largely used, because this power output was needed for project con- 
struction purposes. Among the first type were the Minidoka and Black 
Canyon plants Idaho and the Kennewick plant Washington. Among 
the second type were the Roosevelt (Arizona), Lahontan (Nevada), Boise 
(Idaho), Pilot Butte (Wyoming), Shoshone (Wyoming), and Lingle (Wyoming) 
plants, some which, anticipation but few years operation, were not 
adequately planned for permanent use. Markets promptly opened for the 
surplus output all these plants. 

Subsection the Fact Finder’s Act (December 1924) provided that 
profits from the operation power projects utilized meeting the con- 
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struction charges the projects which the power produced, with the 
revenues ultimately the irrigators themselves. This legislation ex- 
pressed the policies that had been followed previously. However, during the 
succeeding few years there was growing appreciation that such policy 
was leading inequalities irrigators’ obligations between projects that 
did, and projects that did not, have power plants assist paying for the 
projects, and that furthermore the irrigators’ resulting interest power rates 
and power revenues tended hold power rates unduly high levels. 

Following the passage the 1924 Fact Finder’s Act, soon became evident 
that, because the changing character power developments, and the 
interest the best utilization power production, power developments should 
segregated from irrigation. the late 1920’s and the early 1930’s this segre- 
gation was accomplished number instances special laws, and finally 
the legislation the 1939 Reclamation Project Act which Section 
provided for allocation construction costs power and the return 
such costs the United States from power revenues. 

1920 the coming importance power was clearly recognized and 
long-distance transmission was accepted wholly feasible. Hydro power 
production became more attractive and Bureau river planning began give 
due attention the inclusion power, with such joining irrigation and 
power plans secure much power ultimately possible without material 
sacrifice irrigation. 


The projects initially selected for construction contained much public land 
and, the whole, were located areas where flood damage was relatively 
light (because lack widespread improvements) along the stream channels. 
Then, too, the settlement the stream valleys was still new and there had 
been but little damage floods. There was thus little incentive and 
demand for flood control, result which the reservoirs were designed, 
the main, without provision for flood control; and the spillways were designed 
pass floods with minimum cost. 

There was one notable departure from this policy and that was the Rio 
Grande Project where some 400,000 acre-ft reservoir capacity was officially 
indicated available for flood control. The known floods the preceding 
years, together with very limited channel capacity below the reservoir, had 
already done much damage over the period settlement the valley below 
the reservoir—dating back fully 200 years. 

Although construction irrigation projects was started 1904, main 
stream reservoirs were completed before 1909. considerable number was 
completed between 1909 and 1915. the initial project operations the major 
interest both the farmers and the project personnel was assure full reser- 
voir; but was not long until the people along the streams demanded that 
the constructed reservoirs operated for flood control also, and the most 
vociferous among them usually had obligation for repayment costs. 

The insistent demands for flood control operations the important reser- 
voirs led developments. Agitation was begun for recognition Congress 
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the need for providing more adequately for flood control legislation which 
would relieve the irrigators from paying for flood control that would not benefit 
them. Congress the feeling was that the reclamation program was already 
providing material subsidies and that desired arrangements providing flood 
control would merely further subsidy. Concurrently, became practice 
adjust spillway plans dampen flood peaks and increase outlet 
capacities below the spillway level the greatest extent practicable without 
materially adding reservoir costs, thus accomplishing measure flood 
control. 

The Boulder Canyon Project Act December 21, 1928, was the first 
legislation recognize flood control specific function reservoir but 
failed authorize allocation cost for that purpose, instead providing 
for the return the entire cost, with interest, the reservoir and power 
development from water and power revenues. July 19, 1940, Congress 
designated $25,000,000 the construction cost considered allocation 
flood control, repayable after 1987 without interest. 

The Reclamation Project Act August 1939, Section IX, laid down 
general law applicable all future projects with provisions for suitable non- 
reimbursable allocations flood control, thus extending projects the 
Bureau Reclamation the policy that had long been force with projects 
the Corps Engineers—of federal responsibility for flood control. Later the 
Central Valley Project California with its Shasta Reservoir and the Columbia 
Basin Project with its Grand Coulee reservoir, authorized special laws 
prior 1939, were brought under that general 1939 law. 

The 1939 general law required consultation the Bureau with the Corps 
Engineers flood control matters and this arrangement was strengthened 
the Flood Control Act December 22, 1944. 


NAVIGATION 


its operations, the Bureau first encountered navigation important 
degree the Central Valley Project where the operations the Shasta Reser- 
voir are designed assist navigation the Sacramento River materially. 
lesser degree Marshall Ford Dam the Colorado River Texas and 
the Grand Coulee Reservoir were recognized navigation. The 
Reclamation Project Act 1939 authorized suitable nonreimbursable alloca- 
tions costs for navigation the same way for flood control. 

more recent years, Bureau activities have extended from the head- 
waters down onto the main streams, the need for consideration navigation 
has increased and the stream operating plans, well the justified allocations 
for navigation, are receiving major consideration. such work there must 
necessity close cooperation with the Corps Engineers. 


Prior the settlement the west most stream valleys were substantial 
balance between the silt-carrying capacity the streams and the silt loads 
brought them. This balance was first disturbed overgrazing with re- 
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sultant increased erosion; later the disturbance was augmented gullying 
along roads, railroads, and cattle trails. The southwestern streams then began 
building their channels. The main stream irrigation reservoirs have de- 
prived the streams goodly part their silt-carrying capacity which rested 
largely their flood flows. Irrigation the river valleys has resulted 
valuable lands and improvements, private and public, entitled adequate 
flood control protection, which turn will still further reduce the silt-carrying 
capacity the stream. Some valleys which were substantially balance 
before settlement are seriously endangered rising river beds; the Middle 
Rio Grande Valley New Mexico probably one the worst this respect. 
With streams relatively light silt loads, the impending silt menace becomes 
clear only irrigation regulation enters its final stages. The North Platte 
Valley Nebraska this type. 

way, silt control associated with flood control but suitable legisla- 
tion giving complete recognition needed order that all situations requiring 
silt control can assured adequate attention without reliance some 
other objective meet the cost properly chargeable silt control. 


AND WILDLIFE 


The early project plans and dam designs made provisions for fish and 
wildlife. rule the reservoirs added measurably the values both— 
particularly when power development assured the maintenance adequate 
dead storage and thus avoided the complete drainage reservoirs with con- 
sequent loss fish life. Where such dead storage was not assured power 
development, the justified criticism occasioned the big loss fish life when 
reservoirs were emptied soon led the adoption the policy with regard 
design and operation that adequate pools would retained even when the 
worst irrigation shortages existed. Reservoirs present major opportunities 
for increase fish and wildlife resources, but not until August 14, 1946, 
was legislation enacted enabling nonreimbursable allocation project costs 
for fish and wildlife benefits where such benefits exceed the damages the 
same project. Aside from maintenance dead storage pools, the initial de- 
mand fish interests was for the fine screening outlets. Further study 
resulted discarding this requirement with deep outlets. Quite recently 
the Bureau has been requested some instances arrange for waters 
released from the surface instead from deep outlets, provide warmer 
waters and consequently better food for fish below the reservoirs. other 
cases cool waters are wanted, and always there demand for elimination 
extremely high and low discharges. More recently rearing ponds have been 
suggested around reservoirs enable small fish reach size where they 
not fall prey the large fish and also facilitate destruction undesired 
species. Federal and state agencies are engaged broad programs needed 
studies enable full realization the opportunities for improvement 
values reservoirs built the Bureau Reclamation. There 
prospect that such values, some cases, will reach major proportions. 
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RECREATION 


The recreational possibilities reservoirs are only now beginning 
recognized, this delay being due lack access roads and lack conveniences 
for use the public around the shores. There are insistent and increasing 
demands for public acquisition and improvement shore lands for public use, 
The recreational facilities far provided are largely the result work the 
Civilian Conservation Corps (CCC) and the Works Progress Administration 
(WPA) camps. The Bureau not authorized make expenditures for this 
purpose and its part the program has been supply such work could 
done incidental other authorized purposes. There urgent need for legisla- 
tion which will enable direct expenditures for the acquisition shore lands for 
public use and for the improvement recreational opportunities, such ex- 
penditures nonreimbursable the users water for power recognition 
their public uses. There also need for authority condemn land for 
such purposes, shore line owners are reluctant part with shore lands 
reasonable prices. 


The Bureau Reclamation was organized 1902, pursuant the Recla- 
mation Act 1902, with authority construct irrigation projects. Irrigation 
alone was authorized the original act. Possibly the authors the Reclama- 
tion Act did not envision the multiple uses reservoirs which are effect and 
contemplated. The immediate need was the enactment law give urgent 
assistance irrigation. The Bureau took advantage most its opportuni- 
ties providing for power development, flood control, navigation, protection 
fish, and recreational uses. long the entire construction costs had 
repaid the users water and power, expenditures for purposes other 
than the production water and power necessity had limited negli- 
gible amounts. Special and general authorization was repeatedly, but often 
unsuccessfully, sought for adequate expenditures for other purposes; but there 
always considerable opposition nonreimbursable expenditures, and 
properly so. further factor making for delays such procedures the 
relationship with other governmental agencies which have been assigned re- 
sponsibilities their respective fields, similar those the Bureau the 
field irrigation and power. The bureau recognizes the need for compre- 
hensive multiple-use planning any and all reservoirs yet built, and for 
adjustment the operation existing reservoirs accomplish all purposes 
far that may attained without injury vested rights. The accom- 
plishment these ends will require additional authorizing legislation and, 
where the circumstances justify, nonreimbursable appropriations the 
end that purchasers water and power will not required pay for services 
provided for the general public. 
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GENERAL PROBLEMS DESIGN 
AND OPERATION 


NICHOLLS BOWDEN,* ASCE 


Beginning about 1928, the increasing recognition the engineering pro- 
fession the advantages multiple-purpose dam and reservoir projects for 
river control—particularly for irrigation, flood control, navigation, and power 
uses—resulted the construction many such structures the United States 
and the proposed construction many more the near scarcely 
necessary substantiate this statement the light projects completed 
during the period such as: (1) The Sacandaga Reservoir the Hudson River 
Basin, pioneer multiple-purpose project; (2) the development the Colorado 
River consisting Hoover, Parker, Imperial, and Davis dams built build- 
ing; (3) Grand Coulee and Bonneville dams the Columbia River Wash- 
ington and Oregon; (4) the Central Valley Project California; (5) the dams 
the Allegheny and Monongahela rivers above Pittsburgh, Pa.; and (6) the 
Tennessee River system multiple-purpose dams and reservoirs, shown 
Fig. 

Previously (mostly since the turn the century), the rivers the United 
States had been developed for single purposes, whole part public 
funds, for navigation, irrigation, and flood control; and private capital, 
for power. Some these improvements involved large dam and reservoir 
projects. 

The rapid shift multiple-purpose projects presents challenge civil 
engineers the planning, general design, the projects and, even more, 
their operation. This new field applied hydraulics, one largely 
unexplored and uncharted, and the engineer engaged this field has had 
depend largely his own ingenuity planning and operating these projects. 
should remedy this situation soon possible giving the profession 
the benefit his experience. The planning such reservoirs closely 
related the operation that the two should not separated. Because the 
size reservoir will more less determine how must operated, the 
proposed method operation should critically considered during the 
planning stage. The primary operating purpose also should clearly defined. 

Multiple-purpose reservoirs should generally larger than single-purpose 
reservoirs, how much larger depending the uses served and economic 
considerations. The ideal size, often unattainable because excessive flowage 
costs topography, would afford ample allocation storage space for each 
purpose. Ample storage space under one method operation may quite 
different from that under another. For example, the space required for flood 
control would much larger the operating method provided for storing all 
inflow during flood during season instead discharging part that 
inflow. Also, large river basin where reservoir control obtains all the 
principal tributaries, well the main stream, thus affording the oppor- 
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tunity for reregulating flows, the allocation storage space for the several 
purposes may vary from that for single reservoirs that for less completely 
controlled basin. 

These conditions not signify that the sound principle constructing 
reservoirs adequate size should abandoned; but instead that, under certain 
conditions, reservoirs smaller size may used effectively, has already 
been demonstrated practice. fortunate that smaller reservoirs are 
practicable, since, because the development river valleys with industries, 
transportation lines, etc., and sometimes because topographic limitations, 
sites for large reservoirs are often nonexistent. striking illustration this 
condition offered the Allegheny and Monongahela river basins, where 
system reservoirs being built for the purpose, among others, regulating 
floods the Pittsburgh section under considerable restrictions flood storage 
possibilities. this connection, Emil Assoc. ASCE, has 
presented table showing the inches runoff control afforded the existing 
and proposed reservoirs. the engineers had insisted greater control 
runoff the drainage areas those reservoirs, the much needed regulation 
floods this important region (where one flood alone, 1936, caused damages 
estimated exceed $175,000,000) might not have been realized. 

Since the principles involved planning and operating reservoirs for power 
are well known, are those pertaining navigation improvements, this paper 
will deal mostly with the flood control features multiple-purpose reservoirs, 
about which too little known. Various criteria have been advanced de- 
sirable for the size reservoirs for flood control. Perhaps more applicable 
the humid eastern section the United States, they range from half the average 
annual runoff in., somewhat less, and offer the engineer wide range 
within which study the characteristics his own particular problem, and 
which base his plans. Wherever feasible, reservoirs may planned 
accordance with these desirable requirements with great assurance success. 
Some the existing multiple-purpose reservoirs that meet the foregoing specifi- 
cations are: Lake Mead (Arizona-Nevada), planned store about 80% the 
average annual runoff; Sacandaga Reservoir (Hudson River Basin), whose 
nearly in. runoff; and Norris, Fontana, Hiwassee, Chatuge, and 
Nottely reservoirs (Tennessee Basin), which have storage capacity about 
in. runoff the beginning the flood season January about in. 
March 15, and about in. April near the end the major, valley-wide 
flood season. Because often impracticable locate reservoir sites that 
afford such good control runoff, the engineer must either forego using reser- 
voirs satisfied with less control. The latter will his decision can 
devise operating methods adequate meet the situation; and, thus, major 
sense, planning merges with operation. 

What then should the criterion for planning the size such reservoirs? 
The writer unable give specific answer, that must come from study 
each situation, but hopes that the suggestions this paper will helpful. 
Personally, believes that, when becomes necessary the future, engineers 
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will find feasible reduce reservoir storage requirements considerably. The 
extent control deemed essential will undoubtedly depend largely operating 
methods followed, improved operating technique, and the reliability 
precipitation predictions. will also depend weather characteristics and 
other features peculiar the region. 

the eastern United States, where, over large basins, precipitation aver- 
ages, say, from in, in. annually and great flood producing storm may 
yield 20% that amount, reservoirs capable controlling in. runoff 
should adequate. with less control can operated (although 
more difficult) save storage space for only short time the 
crest the flood, after which they can drawn quickly flood control level 
spillage. This procedure necessary for the main stream reservoirs 
the Tennessee River, although lesser degree for Kentucky Reservoir (see 
Fig. 1). 

The guide curve governing the multiple-purpose operation Douglas 
Reservoir, which does not have high degree runoff control relation the 
drainage area 4,541 miles, and the actual operation the reservoir 1946 
are shown Fig. 2(a). The maintenance multiple-purpose features 
assured through the prompt restoration required flood storage space 
spilling water stored during the January flood (which, without regulation, 
would have been the fifth largest record Chattanooga, Tenn.) and also 
during the February flood. The deficiency desirable filling the reservoir 
after the end the flood season April would not have resulted encroach- 
ment flood storage space had been permitted holding storage some 
the water from the January and February floods. 

Where flood control and power are combined the same reservoir, with 
without other uses (not infrequent condition), perhaps more uncertainty 
exists the feasibility successful operation for flood control than any 
other combination uses. Experience with the Tennessee River system 
reservoirs that, with proper operation, there need for such un- 
certainty. Moreover, the increasing number reservoirs throughout the 
United States combining these two purposes shows growing confidence their 
effectiveness. such reservoirs, the superimposed storage space assigned 
flood control should adequate control, properly, the runoff from the con- 
tributing drainage area under the plan operation contemplated. The 
multiple-purpose reservoir will just efficacious for flood control single- 
purpose reservoir containing the same volume flood storage space, provided 
that encroachment the space reserved for flood control not permitted 
operation. properly planned multiple-purpose reservoir, particularly 
well integrated system having good interconnections and suitable capacity 
stand-by power, the energy gained keeping the reservoir full question- 
able temporary value, may lost later spillage. 

The Tennessee River system multiple-purpose reservoirs will used 
largely the subject for further discussion, the writer most familiar with 
that system. Clarence ASCE, has presented most complete 


***Multiple-Purpose Reservoir Operation of Tennessee River System,”’ by Clarence E. Blee, Civil Eny:- 
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exposition this system. Including the five single-purpose power projects 
the Aluminum Company America the Little Tennessee River (the 
operation which controlled the TVA under agreement between 
the two parties) and the single-purpose power projects acquired some years 
ago TVA from the Tennessee Electric Power Company, there are twenty- 
six projects the Tennessee Basin and one Caney Fork River the Cum- 
berland River Basin. these, fifteen are multiple-purpose reservoir projects, 
some important features which are shown Table and Fig. 2(c). 


FLoop Stor 
Local 
Reservoir River 
(sq miles 
(acre-ft) (in.) 
1 Kentucky........ Tennessee 7.380 354-375 4,010,800 10.2 
Tennessee 2,070 408-418 418.400 3.8 
3 i Tennessee 1,160 504.5-507.9 52,500 0.8 
4 Tennessee 5,140 550-556.3 348,900 13 
5 Guntersville...... Tennessee 3,660 593-595.4 162,900 08 
Watts Bar....... Tennessee 3,277 735-745 377,600 2.2 
8 Fort Loudoun .| Tennessee 1,580 807-815 109,300 1.3 
9 Cherokee. . -| Holston 3,429 1,020-1,075 1,145,900 6.3 
10 Douglas. . French Broad 4,541 935-1,002 1,311,200 5.4 
11 Norris. . . ...| Clinch 2,912 978-1 ,034 1,635,000 10.5 
Little Tennessee 1,571 1,615-1,710 771,160 
13 Hiwassee........ Hiwassee 565 1,455-1,526.5 291,100 9.7 
14 Chatuge......... Hiwassee 189 1,910-1,928 105.400 10.4 
Nottely 214 1,743-1,780 110,050 9.7 


Below next upstream dam case Tennessee River reservoirs and Hiwassee reservoir. Could use sto 


and Glenville areas. 


The basin has average annual precipitation about in., from which 
the runoff about in. Although the precipitation fairly well distributed 
throughout the year (the monthly average varying from about in. the fall 
months about in. during the first months the year), natural runoff 
much greater the winter and early spring. During January, February, and 
March, amounts approximately in. Chattanooga, nearly half the 
annual runoff. wet years, relatively higher. This high runoff ac- 
counted for the heavy storms, usually several days duration, which occur 
during the flood season, and the high percentage surface runoff caused 
dormant vegetation. Subsequently, from April October, inclusive, the 
runoff decreases steadily, less than in. the latter month, before re- 
covering slightly the last months the year. 

The annual cyclical method operating reservoirs indicated Figs. 2(a) 
and 2(b) (which are typical for tributary and main stream reservoirs, re- 
spectively) designed fit this stream flow pattern. general, these guide 
curves provide for gradually filling tributary reservoirs during the first 
months the year, for maintaining water near its highest level for months 
the summer, and for gradually drawing the level down during late summer 
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and fall minimum flood control level January complete the annual 
cycle. Somewhat similarly, main stream reservoirs are held minimum flood 
control level, except during flood control operations, from January until 
about April then filled pool-full level about April 15, held that level 
until July and finally gradually drawn down minimum flood control 
level January Although reservoirs are high level for months, 
storage space still available, shown Table and Fig. 2(c), for regulating 
such flash floods may occur that season. 


TENNESSEE 


Dorimne 
Maxcu 15 


| SroraGe Space AVAILaBLe 


. | Runoff } Runoff 
354-375 4,010,800 10.2 359-365° 1,044,200° 2.7 1 
408-418 418,400 | 3.8 414-418 179,200 1.6 2 
504.5-507.9 52.500 08 3 
550-556.3 348.900 1.3 556 -556.3 20.800 0.1 4 
593- 595.4 162,900 08 595-595.4 31.200 0.2 5 
675- 685.4 329,400 2.5 682.5-685.4 108.500 08 6 
735-745 377,600 2.2 741-745 163,500 0.9 7 
807-815 109,300 1.3 813-815 29,990 0.4 8 
1,042-1,075 807.200 44 1,073-1,075 61,400 0.3 9 
958-1,002 1,019.800 4.2 1,000-1,002 62,100 0.3 10 
990-1,034 1,377 000 8.9 1,020 -1,034 520,000 3.3 ll 
,644-1,710 581,770 6.9¢ 1,708-1,710 21,180 0.3¢ 12 
472-1,526.5 245,100 8.1 1,524.5-1,526.5 12.400 0.4 13 
,916-1,928 75,100 74 1,926-1,928 13,980 1.4 14 


rage space 375 (3,290,000 acre-ft). total area above Fontana, including Nantahala 


The foregoing plan not only conforms stream flow characteristics but 
also affords optimum benefits the statutory purposes navigation, flood 
control, and power production, and, far consistent with those major 
uses, serves other useful purposes. Quite important among such other pur- 
poses, because the public health involved, are operations for malaria control 
conducted main stream reservoirs, shown Fig. 2(b). They include 
1-ft surcharge April strand flotage and weekly, cyclical fluctuation about 
deep between May and October combined with several feet recession 
pool level between July and October These operations and other water 
level management operations, such the gradual drawdown Kentucky 
Reservoir and tributary reservoirs during the mosquito breeding season, are 
maintaining clean shore line and stranding and helping 
destroy the larvae the malaria-carrying mosquito. 

Other incidental although important purposes served are (1) recreation, 
secured maintaining water levels and discharges, when practicable, 
for the propagation fish during the spawning period and for such sports 
boating and fishing; (2) sanitation and water supply, making special 
discharges when needed; and (3) numerous others such refloating stranded 
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boats and ferries and aiding farmers fording ferrying tend harvest 
crops islands, accomplished also making special discharges. 

The navigation purpose providing for minimum 9-ft draft the main 
river obtained nine dams and locks, supplemented dredging the 
upper end the pools. regulating flows throughout the year, the pools 
are held levels which provide the required greater depth. Minimum pool 
level for this purpose also the minimum allowable for power. The reduction 
flood flows the pools, through the operation the system, helpful 
power maintaining greater main river heads, and navigation reducing 
current velocities and increasing headroom under bridges. The storage 
water permitted the gradually rising guide curve the winter and the 
spring flood season for controlling floods benefits both power and navigation 
through its later use the low-flow season. Likewise, the low-flow season 
draft this water from reservoirs advance the flood season benefits flood 
control providing storage space for that purpose. This regulation has in- 
creased the minimum daily flow the mouth the river from less then 10,000 
per sec about 25,000 per sec. Gerard Hon. 
ASCE, chairman the ASCE Joint Division Committee Floods, his 
1943 Progress Report stated, part: 


Two additional reservoirs, the Kentucky Reservoir near the 
mouth the river and the Fontana Reservoir the Little Tennessee 
River, with prospective storage capacities 4,600,000 acre-ft and 1,200,000 
acre-ft, respectively, are nearing completion and will make the Tennessee 


River and its tributaries the most perfectly regulated river system its 


must remembered, appraising the results the first decade 
operations the TVA system, that many vicissitudes were encountered not 
hereafter expected, including: (1) The pioneering nature multiple- 
purpose operations; (2) the frequent need abnormal flow regulation, usually 
unsuited best multiple-purpose results, protect construction work 
progress; (3) the temporary operation several reservoirs during the World 
War emergency primarily for power; (4) the greatest flood record the 
Mississippi River Cairo, 1937, when the system was too small have 
much effect; and (5) the record-breaking dry period 1939-1941 time 
rapidly increasing power load. These factors imposed severe load the 
system, and those responsible for its operation, while was growing and 
changing and consequently less susceptible efficient operation. 

Storms severe enough cause basin-wide floods usually travel across the 
Tennessee Basin northeasterly direction, causing heavy precipitation and 
increased runoff the western section some earlier than the 
eastern section. This meteorological characteristic favorable one, because 
permits the initiation regulatory measures progressively upstream the 
main river and the discharge runoff from lower river areas ahead upstream 
advance, are furnished for seven basin subdivisions three times daily, and the 
general weather outlook days ahead supplied once daily the United 

1 Proceedings, ASCE, February, 1944, p. 176. 
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States Weather Bureau during the flood season under cooperative arrange- 
ment initiated 1939. These data are inestimable value day-to-day 
(and sometimes even more frequent) adjustment discharges throughout the 
system. Although rainfall cannot yet forecast with great accuracy, much 
improvement has been made recent years, particularly under the stimulus 
World War II. Without help this nature, multiple-purpose reservoir 
operation would suffer severe handicap. 

Under natural flow conditions, peak flood discharges from the Tennessee 
River ordinarily reach the confluence the Ohio and rivers 
Cairo advance the peaks from those two rivers. The continuous main 
river dam system the Tennessee River makes feasible accelerate greatly 
the movement downstream, and offers the opportunity passing the Tennessee 
peak into the Ohio and rivers still farther ahead the crest from 
those rivers. the large flood January, 1946, the acceleration amounted 
about days, indicated Fig. 3(a). Thus, space available the 
reservoirs for storing during the crest period Cairo Paducah, Ky., the 
control points, the flood reaches dangerous proportions. the event 
successive crests, such those March and April, 1945, when triple 
flood which would have reached rather threatening stages ranging 
from 54.5 55.6 Cairo, reservoir operations become sustained effort 
timing discharges effect crest reductions, stages are high enough warrant 
this action. Fig. shows the regulation the three crests Cairo and 
one Paducah, the reductions the former city varying from 0.7 1.7 ft, 
the largest reduction being from the highest crest, and the latter city. 
Because construction operations, storage space Kentucky Reservoir was 
not available for use these operations except very limited degree. 

1937, when the highest flood record Cairo occurred, the stage 
reached 59.5 February about week after the New Madrid (Mo.) 
Floodway was opened around stage 58. Cairo was seriously threatened, mud 
boxes placed top levees being nearly overtopped. that time only 
Norris, Wheeler, and Wilson reservoirs were available, and the storage space 
the latter was too small consequence. Computations made sub- 
sequent the flood indicated that reduction from 0.3 0.5 was 
effected. Although was small, that regulation under the may 
have been great importance. 

Since that flood much raising and strengthening levees has been done 
The United States Engineers and probably flood great greater now 
could safely carried and below Cairo. Protection works Paducah will 
have top elevation about higher than the flood crest 1937. would 
seem, then, that henceforth stage less than, say, Cairo Paducah 
should considered dangerous and worthy regulation. higher stages are 
predicted, regulation should based the predicted crest, even 
higher one case subsequent rainfall sufficient affect the crest. The 
foregoing suggestion applies the major flood season. the summer, when 
damages crops may accrue between the levees and backwater areas, 
may found desirable regulate floods reaching flood stage (40 ft) Cairo. 
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control the contribution from the Tennessee the Ohio and Mississippi 
rivers, most beneficial, frequent contact has been maintained during 
floods with the Engineer offices charge those rivers, well with 
the Weather Bureau Cairo. Weather and river conditions and pre- 
dictions obtained from these sources have made possible follow the course 
floods down those rivers and operate the Tennessee River reservoir system 
accordingly. Under Section the Flood Control Act December 22, 1944, 
the TVA directed regulate the release water from the Tennessee River 
into the Ohio River accordance with such instructions may issued 
the War Department case danger from floods the lower Ohio and 
Mississippi rivers. This directive serves the purpose integrating the flood 
control operations the TVA system with those the Ohio and Mississippi 
rivers under the control the Engineers. 

The 1946 flood season afforded the first opportunity for this new plan 
function. Methods previously developed and put into effect for exchanging 
data provide that when the Cairo stage ft, with higher predicted, 
the TVA shall report teletype, early each day, the observed data for main 
river reservoirs from Chickamauga Kentucky dams, inclusive, giving rainfall, 
stages, and discharges. Later each day predicted schedules stages and 
discharges from days days advance are reported. The Ohio River 
Division Office the Engineers Cincinnati (formerly Columbus), 
Ohio, and the Upper Mississippi River Division Office St. Louis, Mo., 
reciprocate similarly furnishing the TVA observed data and predicted dis- 
charges number key points the Ohio and Upper Mississippi rivers 
and certain tributaries. addition, when the Cairo stage 
higher, the Mississippi River Commission, Vicksburg, Miss., furnishes the 
TVA daily with current stages and predicted stages the Mississippi River 
from Cairo New Orleans, La., days advance, together with predictions 
date and height crest all stations. 

The foregoing procedure was followed throughout the January, 1946, flood. 
This flood was the eighth highest record the lower Tennessee Valley but 
was rather moderate height Cairo and Paducah, where computed natural 
crest stages 53.5 and 48.2, respectively, were reduced 52.0 and 45.8 
reservoir action, shown 3(a). Since dangerously high stages were not 
reached prospect, the Engineers did not issue any instructions 
the regulation releases from the Tennessee River into the Ohio River. 
Fig. 3(a), may noted that: 


(1) The modified hydrographs Cairo and Paducah have exceptionally 
smooth, flat crests; 

(2) little more than the permissible 8-ft drawdown the lower 
end Kentucky Reservoir was effected seeking maintain constant volume 
that reservoir before the flood peak arrived and speeding the movement 
the Tennessee peak Kentucky Dam into the Ohio and Mississippi rivers 
ahead the crests 

(3) The lower end the reservoir was filled only about El. 359, thus 
conserving storage space for use case the flood should subsequently develop 
into one dangerous height. 
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The method used Kentucky Dam good example reservoir operation 
planned advance, the result several years study. the Kentucky 
Reservoir had been operated obtain maximum effect, the Cairo and Paducah 
crests could have been reduced about ft. 

Because the reservoir’s large size (capacity equivalent more than 
in. runoff its local drainage area 7,380 miles) and its strategic loca- 
tion (22 miles from the Ohio River and miles from the Mississippi River, 
only about day away time water travel), serves admirably for reregu- 
lating discharges from the entire system upriver reservoirs and for fixing and 
timing the output water from the Tennessee River. 

Although the method operating the other main stream reservoirs 
basically similar that Kentucky Dam, absolutely essential, because 
their smaller size, conserve much possible their flood storage space 
for occupancy during comparatively short period flood crest regulation, 
the reservoirs are effectual. Thus, delicate timing required, usually 
complicated weather changes and the necessity for prompt and accurate 
runoff computations and stream flow routings, both current and prospective. 

withholding water tributary reservoirs until the peak from the main 
river contributory drainage has passed Chattanooga (as the usual procedure, 
and was done the major flood January, 1946, the fifth highest record 
Chattanooga about years), the burden the main stream reservoirs 
lightened. accomplish this control, tributary reservoirs must operated 
coordination with main stream reservoirs, both which the required flood 
storage space must held reserve during the entire flood season except when 
used for regulating floods. Thus, operations during the late summer and fall 
drawdown period, well during the flood season, have important bearing 
subsequent flood control. The fall 1945 was wet and, order provide 
the flood storage space required the end the year, total more than 
1,000,000 acre-ft water excess turbine requirements was spilled, 
December, from the five major tributary reservoirs and through main stream 
reservoirs, augmented additional spill from the latter. 

During great flood, such those 1867 and 1886, some still larger 
possible flood, rather large releases from tributary reservoirs will necessary. 
Nevertheless, proper appraisal the situation, promptly made, will permit 
maintaining smaller outflow than inflow from these reservoirs, regulated 
effect material crest reduction Chattanooga, the key control point 
the Tennessee River. However, because the low elevations important 
sections that city, complete protection cannot provided without supple- 
mental levees. Usually, tributary contribution the Chattanooga peak can 
limited bank-full stage the several tributaries, even less. the 
January, 1946, flood, tributary discharge was limited turbine discharges, 
varying from about 4,000 per sec 7,000 per sec, until the peak 
passed Chattanooga, and thereafter tributary bank-full stage, amounting 
each tributary 20,000 per sec less. These discharges were timed 
flatten the receding hydrograph Chattanooga around the flood stage 
where little damage occurs (see Fig. contrast these discharges, 
peak inflows into the tributary reservoirs varied from about 15,000 per 


RESERVOIRS 815 


sec the drainage above Hiwassee Dam about 90,000 per sec Douglas 
Reservoir. 

This operation the tributary reservoirs, together with the reregulation 
the three main stream reservoirs above Chattanooga, resulted 
reducing not only the peak flow Chattanooga from 320,000 per sec 
225,000 per sec and the peak stage from 45.8 35.7 ft, shown 
Fig. but also the floods the tributary streams below the dams from 20% 
50% their natural peak rates. The estimated savings flood damages 
Chattanooga were almost $10,000,000. 
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flood control operations this kind, essential that key point, 
points, selected the objectives toward which such operations will 
directed, as, for example, Chattanooga the Tennessee River and Cairo 
the Mississippi River the case the TVA system reservoirs. Usually 
the objective perfectly clear since its protection the purpose for which the 
reservoir reservoirs were built. any event, where big system reser- 
operated, such that above Pittsburgh that the Tennessee 
Valley, selections should made and operations planned accordingly. Con- 
trol designed either for near-by objectives for distant points may not always 
dependable for the latter, because the possible effect flood runoff from 
other uncontrolled areas the flood crest downstream, although such control 
should prove beneficial the long term. 
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Handling the system multiple-purpose reservoirs the Tennessee Valley 
requires constant attention and least daily scheduling flows throughout 
the entire system for several days ahead. During floods, schedules must some- 
times revised two three times daily take into account changes rain- 
fall and runoff they occur and effect flows and stages, with due regard for 
weather predictions, which are available three times daily. This scheduling 
accomplished through centralized control under the chief engineer and the 
issuance instructions often necessary the Department Power 
Operations, which responsible for seeing that the required discharges are 
made all the dams. the central office, hydrologic data are received, as- 
sembled, and interpreted; runoff estimated; flows are routed; and operations 
are decided upon engineers thoroughly familiar with the characteristics 
the system. Frequent reports received teletype and telephone from the 
Operating Department Chattanooga furnish checks operations the 
dams, and their effect the reservoirs. Since decisions time flood must 
made and put into effect promptly successful, this centralized control 
takes cognizance the fact that two storms, the floods they produce, are 
alike and that each situation requires detailed treatment all its own, based, 
course, fundamental principles and procedures governing system opera- 
tions. That success has been achieved under this method control evident 
from the aforementioned results. consistency, since the first reservoir 
(Norris) became available above Chattanooga March, 1936, fourteen floods 
(which their natural state would have reached exceeded flood stage 
and caused varying amounts damage) have occurred. The crests 
all have been reduced, amounts varying from less than more than 
ft, with total saving damages that point well above $12,000,000. 
December, 1948, the number floods reduced Chattanooga had in- 
creased seventeen and the total estimated savings damages that point 
more than $40,000,000, based estimated property values the time 
each flood. 


This paper being limited length inadequate cover such important 
subject. has not always seemed present the conventional view (which 
certainly easier and usually more popular), apology made. The uncon- 
ventional today may commonplace tomorrow. Whatever the reaction, 
sincerely hoped that the paper may least stimulate thought and study 
and thus helpful the planning and the operation the great number 
large reservoir projects being built and certain built soon, the United 
States. the interest clarity, the following summary the more impor- 
tant contents and some the writer’s views presented: 


(1) Multiple-purpose reservoir design and operation are real and practical 
and are being successfully accomplished several major drainage basins 
the United States. 

(2) planning reservoirs for flood control, whether single purpose 
multiple purpose, wherever practicable, and consistent with costs and benefits, 
large storage space should provided for flood control (as much half 
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more the average annual runoff the drainage area); but, economic 
other considerations prevent, smaller space, providing in. runoff even 
less, may ample certain locations under appropriate operating methods. 

(3) given volume flood control storage space should equally 
strict adherence given operating rules, and encroachment flood space 
not permitted. There more justification for intentionally 
loading” reservoir than for overloading any other engineering structure. 
Careful, intelligent, honest operation will avoid this. 

(4) encroachment flood space allowed, the multiple-purpose reser- 
voir, instead being beneficial instrument, becomes serious threat flood 
disaster. The primary purpose should unmistakably fixed advance, 
both for the safety the project and for the guidance those charged with 
its operation. 

(5) Since reservoir system reservoirs cannot operated with com- 
plete assurance results for distant points downstream, usually desirable 
select and operate for relatively near-by key points and rely benefits 
accruing over period time greater distances. 

(6) Much has been gained and much more can yet gained operating 
reservoirs the help quantitative predictions precipitation. 

(7) Being highly specialized activity, often requiring prompt decisions 
and quick execution, the control water multiple-purpose reservoirs, 
particularly systems, should entrusted only engineers who are com- 
petent and resourceful and whom confidence, authority, and responsibility 
can placed. 


‘ 
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THEIR USE FOR FLOOD CONTROL 


INTRODUCTION 


The subject this paper raises the question: does the use 
‘multiple-purpose’ reservoir for flood control differ from the use any reservoir 
for that purpose?” apparent that there very little difference, except 
far reconciliation the multiple interests involved. any case, 
the function flood control storage impound water during periods 
excess runoff order that may released nondamaging rates later, 
However, certain river basins, meteorological and influences 
limit major floods well-defined seasons, least establish very consistent 
trends flood magnitudes seasons. Accordingly, part the maximum 
flood control capacity may for other uses during the seasons 
lower flood runoff. 

Flood control capacity multiple-purpose reservoir includes only the 
volume that specifically reserved for storage floodwaters under undisputed 
jurisdiction the flood control operator. Some the flood control capacity 
may utilized for other purposes during certain seasons the year, but only 
the discretion the flood control operator. Storage floodwaters refill 
reservoir capacity allocated some purpose other than flood control, after 
drawdown attending normal operation, may result incidental flood control 
benefit, but such storage not classified control,’’ inasmuch its 
availability when floods occur cannot relied on. 

Multiple-purpose reservoirs involving flood control may placed two 
principal groups: 


(a) Reservoirs with constant allocations storage capacity for flood con- 
trol, irrespective season year; and 

(b) Reservoirs with seasonal variations flood control capacities (that is, 
reservoirs which the storage capacity assigned flood control varied 
accordance with seasonal trends flood runoff volumes the river basin 
involved). 


RESERVOIRS WITH CONSTANT ALLOCATIONS 


many cases, floods capable filling all available flood control capacity 
particular reservoir may expected with reasonable frequency during 
all seasons the year. Accordingly, seasonal use any part the flood 
control capacity for other purposes cannot permitted without loss flood 
protection. Flood control capacity incorporated this class multiple- 
purpose reservoirs either because such provision more economical than con- 
struction separate flood control reservoir comparable effectiveness, 
because construction separate flood control reservoir impracticable 


Hydr. Engr., Chf. Hydrology and Hydraulics Branch, Eng. Div., Civ. Works, Chf. Engrs., 
Washington, D. C. 
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under prevailing circumstances. Operation the flood control capacity 
these reservoirs essentially the same that straight flood control reservoirs. 


RESERVOIRS WITH SEASONAL VARIATIONS 


Two important objectives govern the operation reservoirs which the 
flood control capacity varied seasons: 


(1) Sufficient capacity should available the reservoir all dates 
provide effective control floods that might reasonably expected occur 
those dates; and 

(2) The reservoir storage should reach the highest level consistent with 
objective (1) the end the primary flood season, order provide much 
water possible for other functional uses the reservoir—that is, the operator 
must strive have just enough flood control capacity all times, without 
wasting water needed for other.purposes. 


The best examples this type reservoir are found the northwestern 
United States where maximum floods large drainage basins are confined 
rather definitely the winter and spring months. that region, the greatest 
floods from rainfall generally precede the maximum snow-melt season. Ac- 
cordingly, adequate reservoir capacity can reserved for flood during 
the winter, with the assurance that the part the capacity not required for 
summer floods can refilled during the spring snow-melt season provide 
additional water for irrigation, power development, other purposes during 
the summer and fall months. 

river basins which snow melt consistent source flood runoff, 
feasible estimate approximately the volume runoff expected from 
snow melt and incidental rainfall during the spring flood season from informa- 
tion regarding the water content and the extent the snow cover within the 
watershed the beginning the melting season, with corrections and adjust- 
ments appropriate intervals (usually monthly) during the season. such 
cases, fixed minimum storage capacity usually reserved for control floods 
that might reasonably expected from above-normal rainfall, and the capacity 
between this minimum reserve and the maximum flood control capacity 
varied accordance with estimates probable runoff from snow melt, com- 
bined with normal seasonal rainfall. Forecasts runoff month 
more advance are based, preferably, information obtained from com- 
prehensive snow surveys and analyses (in which checks the water content, 
areal distribution, and conditions the snow cover are made), correlated with 
records observed previous years. Fig. shows two sets diagrams 
illustrating correlations seasonal runoff, estimated from snow survey reports 
April and May 10, with required reservoir storage capacity and regu- 
lated outflows. the absence adequate snow surveys and laboratory 
studies, various procedures have been used expedients estimating probable 
seasonal runoff advance, with varying degrees success. 

many river basins, snow melt constitutes important influence flood 
runoff only when combined with heavy rainfall; cannot considered 
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governing limitation. The correlation between snow-cover indexes and flood 
control capacity requirements downstream reservoirs less definite than 
stated the preceding paragraph. However, recognition the greater 
flood potentialities during the certain seasons, indicated runoff records 
from previous years, greater flood control capacity may reserved during 
these seasons than for the remainder the year. Correlations runoff with 
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some mean wetness may provide reasonable basis for varying 
the flood control capacity reservations during the respective flood seasons. 
Fig. illustrates such correlation, which was worked out the Sacramento 
District Office the Corps Engineers for Folsom Reservoir American 
River California. Storage requirements are based the control flow toa 
maximum 150,000 per sec Fair Oaks, Calif. this case, the “wet- 
ness parameters are terms inches total precipitation during the 
preceding days. For snow cover below El. 5000, the wetness index from 
Fig. increased twice the water content terms inches over the entire 
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drainage area. some basins, “ground-water index” may serve similar 
purpose. The best correlation must determined from hydrologic studies 
for each project. 

understand the principles and the criteria that should determine the 
allocation: storage capacity for flood control multiple-purpose reservoirs, 
necessary consider certain aspects flood control general. There 
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Reservation Capacity Reserved for Flood 


are two primary methods providing flood control, and rule both are 
essential for satisfactory results. One increase the nondamaging capacity 
downstream floodways channel improvements and the construction 
levees flood walls; the second reduce flood magnitudes temporarily 
storing part the runoff during flood periods reservoirs. many cases, 
appropriate land-use practices will serve increase the absorption rainfall 
the soil; and, the extent that this absorption accomplished during 
important floods, such practices will help reducing floods just has the 
storage water reservoirs. 

seldom that adequate flood control can provided reservoirs alone, 
with the possible exception the protection limited areas very near the 
reservoir. rule profitable (and some extent essential) provide 
sufficient channel capacity downstream carry least moderate floods, 
reserving reservoir storage capacities for impounding water during relatively 
short periods high flood discharges. should observed that the flood 
control storage requirements any reservoir vary directly with the per- 
missible rates outflow during critical flood periods (that is, storage inflow 
Consideration downstream channel capacity inseparable 
from the determination flood control storage requirements any reservoir. 

There are three general classes floods considered determining 
the degree protection that should adopted for system channel im- 
provements and for flood control reservoir: 


The first class may designated “ordinary floods record” the 
given drainage basin—namely, floods that are reasonably certain equaled 
magnitude one more times within the estimated life the project. 
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The second class includes floods exceeding the floods,” and 
equal to, less than, the “standard project flood” for the particular drainage 
area involved. The project flood” corresponds flood that 
would exceeded magnitude only very rare occasions, and thus consti- 
tutes standard for the design structures that would provide high degree 
flood protection, determined flood potentialities the drainage system 
involved without regard for localized economic other practical limitations 
individual projects. The standard project flood would normally substan- 
tially less than the flood that might occur with the worst 
combination meteorologic and hydrologic conditions. most cases, the 
standard project flood should equal approximate the flood that would result, 
under existing specified conditions basin development, the most critical 
storm record the region should occur over the drainage area involved when 
hydrologic conditions (including snow-melt potentialities) were reasonably 
favorable for flood runoff. Although, definition, the standard project flood 
flood such high magnitude considered exceptionally infrequent, 
reasonably certain occur eventually over the drainage basin concerned. 

The third class floods includes those ranging magnitude from the 
standard project flood the probable” (sometimes referred 
the greatest flood that would occur the most severe 
flood producing combinations meterorologic and hydrologic conditions 
which the basin appears reasonably susceptible should arise. The 
maximum probable-flood flood that could occur this given 
basin, but extremely unlikely occur. 


Flood control works, like other public works, must justified warrant 
expenditure the public funds required. not the purpose this paper 
deal with the evaluation flood control benefits; but, since such evaluations 
are essential elements the determination appropriate storage capacities 
provided reservoirs for flood control purposes, desired call 
attention certain primary considerations. 

were economically feasible and practical provide flood control works 
adequate for complete protection against all floods the maximum prob- 
able event, the problem would greatly simplified. Since this seldom 
practicable, necessary decide how much money can properly invested 
for flood protection. making this decision necessary consider both 
tangible and intangible benefits. The terms benefits” and 
tangible benefits” are used this paper limited sense, referring only 
susceptibility evaluation monetary terms. For example, “tangible 
can evaluated monetary basis, subject uncertainties some- 
what comparable those attending other types engineering estimates; thus: 


(1) Reduction damages structures, lands, communication facilities, 
utilities, and other stationary property within the flood 

(2) Reduction damages movable stocks and supplies stored within the 
flood plain; 


(3) Reduction crop losses rural areas (sale value, investments 
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(4) Reduction losses from interruptions normal business and in- 
dustrial activities the community that are attributable floods; 

(5) Reduction interruptions communications that are incident 

(6) Enhancement property values protected areas (estimates these 
benefits usually being limited apparent increases property 
corresponding higher-class utilization permitted protection from 
and 

(7) Reduction flood fighting and relief costs. 


The benefits” cannot assigned definite dollar values, although 
they are recognized great significance, some cases outweighing 
tangible benefits importance. Intangible benefits are: 


(a) Protection life and health (that is, reduction hazards occupants 
protected area, flood fighting and relief personnel, users transportation 
facilities subject flood dangers, crews rivercraft, etc.); 

(b) Prevention social dislocations and distress incident major flood 
disasters; 

(c) Improved general welfare community resulting from higher standards 
development protected area, with incidental increase production, higher 
earning capacities, and improved living conditions the community large; 

(d) National benefits resulting from reduction interruptions interstate 
communications and benefits derived from increased production, and 
improved welfare populace directly affected protection; and 

(e) Increased national security resulting from protection industries and 
communications against interruption floods during times war, and greater 
national strength incident increased industrial development and improved 
general welfare the people. 


determining the storage capacity allocated flood control any 
reservoir, the tangible and intangible benefits gained from various degrees 
control the three classes floods previously discussed must considered. 
estimating these benefits, usually found that eliminating the fre- 
quently recurring damages caused floods record” the major 
part the average annual “tangible” benefits that can attributed the 
protection project can obtained. These benefits result spite the fact 
that flood comparable to, exceeding, the standard project flood may cause 
vastly greater damage than any single event record the particular river 
basin. However, provision partial degree protection for area suitable 
for industrial residential use may serve encourage intensive development 
the protected area under false sense security, with the result that ex- 
tensive loss life and property may result the event flood exceeding 
the design capacity the project. many cases, without protection against 
flood reasonably comparable the standard project flood, supposedly 
“protected may imminent peril. 

apparent that the several intangible benefits that are dependent 
“security” warrant substantially greater expenditure for dependable flood 
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control some instances than could justified measurable 
benefits alone. this connection, observed that annually large sums 
money are spent the United States for fire insurance buildings and their 
contents. The security received each property owner considered justifi- 
cation for payment insurance premiums, even his building never burns 
down. similar sense, substantial premium for high degree security 
against floods usually justified residential and industrial areas, even though 
there some possibility that flood approaching exceeding the standard 
project flood might not occur the particular basin under study within the 
estimated life the project. Intangible benefits dependent “security” 
against great floods must given proper credit (in addition the tangible 
benefits from control the more frequent floods), when deciding capacities 
selected for flood control purposes. 
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THEIR USE FOR NAVIGATION 


INTRODUCTION 


The Missouri River Basin the scene widespread, multiple-purpose, 
water use and control program. The technical phases the basic program, 
commonly referred the Pick-Sloan plan, are being developed under the 
leadership the Missouri Basin Inter Agency Committee, with the able and 
enthusiastic cooperation many federal, state, and local agencies. 

Although many other features are incorporated the Missouri Basin 
program, reservoirs and storage are fundamental its objectives. Present 
plans include some one hundred and five new federal reservoirs, addition 
the existing Fort Peck Reservoir built and operated the Corps Engineers 
and several smaller existing Bureau Reclamation reservoirs the basin. 
Total storage capacity the entire approved system federal reservoirs 
the Missouri Basin will amount some 100,000,000 acre-ft. Practically all 
this capacity will obtained multiple-purpose reservoirs. 

The extent control the Missouri River itself which will result from 
completion this reservoir plan indicated For simplicity, Fig. 
shows only those reservoirs which are sites the main stem, lower 
basin tributaries sites close the main stem. The total area the Missouri 
Basin 530,000 miles, divided follows: 


miles 
controlled reservoirs plan............... 330,000 


These reservoirs are part comprehensive water use program for the 
control destructive floods, expanded irrigation, improvement navigation 
inland waterways, hydroelectric power generation, and other collateral and 
incidental beneficial purposes such stream sanitation, water supply, rec- 
reation, and wildlife uses. The primary emphasis this paper placed 
how the requirements navigation are served the multiple-purpose 
reservoir system being constructed the Missouri Basin. 


REGULATION REQUIREMENTS FOR NAVIGATION 


regulation needed for navigation the Missouri River. Also, 
because the Missouri River’s large contributions the flow the Mississippi 
River, water stored the Missouri Basin importance navigation the 
Mississippi River, particularly the middle reaches between the mouth the 
Missouri River, few miles above St. Louis, and the mouth the Ohio River, 
Cairo. 

The existing navigation channel project the Missouri River provides for 
channel deep between Sioux City, Iowa, and the mouth obtained 
revetment banks, construction permeable dikes contract and stabilize 
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the waterway, cutoffs improve alinement, closing minor channels, removal 
snags, and dredging required. The Mississippi River navigation im- 
provement downstream from the mouth the Missouri River also 
“open-channel” project. With these improvements, substantial minimum 
river discharges are required maintain minimum project depths, even with 
extensive dredging. Increased discharges above the minimum flow require- 
ments decrease dredging requirements and costs, and are additional benefit 
river commerce through improvement navigation conditions. 

Adequate flows for the maintenance minimum project depths are needed 
throughout the navigation season. the Missouri River, because severe 
winter ice conditions, the regular navigation season extends only from about 
April November Sioux City and Omaha, Nebr., and from about 
March November Kansas City, Mo., and points downstream. 
the Mississippi River downstream from the Missouri River, navigation 
continues throughout the year. During the autumn months normal years 
(see Fig. 8), natural discharges the Missouri River ordinarily are quite low, 


(a) OMAHA, NEBR. 


(b) KANSAS MO. 


_(c) ST. LOUIS, MO._ 
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and often are not sufficient for the Missouri River navigation project. During 
extremely critical low-flow years (not indicated Fig. adequate discharges 
may available only for few weeks. the middle Mississippi River, 
natural river discharges are inadequate for navigation during the winter low- 
flow periods ordinary years, and during the summer and autumn months 
low-flow years. the other hand, adequate discharges are available for these 
navigation projects during other periods—too much water available during 
the flood seasons, and hinders river traffic and damages navigation improve- 
ment structures. 

The periods water deficiencies, under natural conditions, result from 
great variation the discharge the Missouri River both within individual 
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years and from year year. There characteristic seasonal runoff pattern, 
indicated Fig. with low winter discharges followed flood season 
spring and early summer when river flows are seasonally high after which 
discharges rapidly fall off much lower rates through late summer and autumn. 
This seasonal runoff pattern superimposed quite variable annual pattern 
normal years mixed with wet years, dry years, and droughts, shown 
Fig. Mississippi River St. Louis reflects many the same charac- 
teristics the Missouri River, although variations are not extreme. The 
variations the natural flow the Missouri River result twofold require- 
ment for water supply for navigation: annual regulation designed adjust 
the greatly varying seasonal flow pattern uniform and constant 
supply throughout the navigation season; and long-range operation pattern 
planned accumulate excess natural stream flows during wet years and 
this excess water over for use during critical low-flow years and droughts. 


Maximum Monthly 
Mean Discharge 


Average Monthly 
Mean Discharge 


Discharge, Thousands Cubic Feet Per Second 
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Fie. 9.—Normat anp Extreme Montaty Runorr, Missourrt River 
at Fort Ranvauy (8S. Dak.) Dam Site 


AND OTHER PURPOSES 


The need for annual and long-range storage regulation the Missouri 
Basin for navigation similar to, and consistent with, storage requirements for 
other purposes. The manner which the various needs fit together, that 
multiple-purpose reservoirs offer the ideal solution, illustrated the situation 
the large main stem reservoir sites upstream from Sioux City. 

Basic requirements the main stem sites for annual flow regulation for 
navigation are quite similar basic requirements for flood control. obtain 


Dunatf in Millions of Acre - Feet 


chi 
flo 


RESERVOIRS 829 


effective flood control along the Missouri River between Sioux City and the 
mouth, large amount flood control storage capacity necessary these 
main stem sites upstream from Sioux City. The flood control requirement 
not simply one providing sufficient storage reduce excessive natural dis- 
charges the dam sites safe channel discharge capacities immediately 
downstream. drainage areas the lower basin which will remain un- 
controlled are themselves capable producing serious floods the Missouri 
River. The addition large releases from the large main stem reservoirs, 
even though less than channel-full magnitude the dam sites, flood 
flows from these uncontrolled tributaries, could result very ineffective 
form flood control; yet, because the long distances involved, river travel 
times are too long permit forecasting floods from uncontrolled lower 
basin tributaries time permit compensating reductions releases from 
the main stem dams. (Water from the lowermost main stem dam will take 
least days reach Kansas City, and days reach the mouth the 
Missouri River.) Therefore for fully effective flood all along the main 
stem the Missouri River, floodwaters impounded the main stem reservoirs, 
during the Missouri River flood season, should not released until the low- 
water period, following the end the flood season. 


Runoff, in Millions of Acre - Feet 


1900 1910 1920 1930 1940 


This requirement for flood control, quite obviously, very similar the 
annual flow regulation requirement for navigation during normal years. 
exploit this opportunity, extensive study programs historic and potential 
floods and variations seasonal flood control storage requirements were 
undertaken, and practical possibilities prediction seasonal and annual 
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inflow the reservoirs were considered. has been found that large pro- 
portion the storage capacity that would required for flood control, alone, 
also can utilized serve the requirements navigation effectively 
the storage capacity were reserved exclusively for navigation, without detri- 
ment effective flood control. However, should noted that this particu- 
lar joint-use storage space for both flood control and navigation cannot 
used carry water over from one year another for navigation. obtain as- 
sured flood control, all the flood control storage space must vacated ad- 
vance the yearly flood season. 

The need for long-range carry-over storage water supply for navigation 
the main stem reservoir sites paralleled comparable needs for much 
the new irrigation proposed for the Missouri Basin (about 2,000,000 acres 
proposed new irrigation supplied water directly from the main stem 
reservoirs), and also for flow regulation generate firm power, well for 
other purposes. meet all these various requirements, large blocks 
multiple-purpose carry-over storage are provided the main stem 
reservoirs, supplement the natural river flow during low-flow years and 
droughts. This storage, which not allocated any single purpose, will 
used primarily provide dependable minimum water supply: (1) supply 
new irrigation the basin, and offset the increasing depletions new 
irrigation the upper basin the limited natural water supply now available 
the lower Missouri Basin during low-flow periods; (2) furnish the remaining 
water with maximum efficiency for the navigation project; and (3) generate 
very large amount marketable power. 

The amount this carry-over storage which can provided the main 
stem sites will sufficient raise the dependable annual water yield that 
part the basin above Yankton, Dak., from the 11,000,000 acre-ft which was 
available years such 1931, 1934, and 1941, minimum average annual 
yield almost 17,000,000 acre-ft throughout critical period such that 
from 1930 1942. This joint storage the main stem reservoirs 
will thus serve reconcile the conflicting demands irrigation and navigation 
the Missouri Basin, providing dependably for the reasonable minimum 
demands each. Without there would not sufficient water 
“to around.” 

The relationship between navigation and power special feature the 
joint use multiple-purpose storage the Missouri River main stem reservoirs. 
The head created the impoundment water for multiple purposes such 
flood control, navigation, and irrigation, coupled with releases through the 
dams serve these purposes, results large amount potential power. 
first thought, might appear that the relationship between navigation and 
power the main stem reservoir sites would not harmonious, since large 
releases for navigation are not regularly needed more than about months 
year, and much lower releases would sufficient for all other purposes except 
power during the remainder the year. However, with the system Fort 
Peck, Garrison (N. Dak.), Oahe (S. Dak.), and Fort Randall (S. Dak.) reser- 
voirs and the Big Bend (S. Dak) and Gavins Point Dak.) projects (see Fig. 
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7), has been possible work out plan for maintaining very high firm 
power rate without loss water down the river when not needed for naviga- 
tion. This operation plan takes advantage the proposed electrical inter- 
connection all these power plants, and provides for somewhat higher releases 
the nonnavigation season the reservoirs upstream from Fort Randall 
Reservoir, with recapture the surplus water the lowermost reservoirs for 
retention until the following navigation season. Thus, has been possible 
develop practical solution which permits both navigation and power use 
the same storage capacity jointly with the same full efficiency for navigation, 
and very nearly the same efficiency for power, this storage were utilized 
exclusively for either these purposes. 

The Missouri River main stem reservoirs form system multiple-purpose 
reservoirs which nearly all the storage capacity can used jointly and 
effectively serve the needs one combination another basically 
different purposes. far navigation concerned, there will be: 


(1) Top storage zones effective both for flood control and for annual flow 
regulation for navigation; and 

(2) Large multiple-use storage zones which will enable both expanded irriga- 
tion and successful navigation, well large values for power and other 
purposes. 


The latest studies available indicate that about 50,000,000 acre-ft the total 
storage capacity about 70,000,000 acre-ft proposed for the main stem reser- 
voirs will fall into one the other these two multiple joint-use zones. Thus, 
great economies cost, and consequent benefits all the various purposes, 
result. addition, the remaining 20,000,000 acre-ft provided for the various 
purposes not involved with navigation multiple-purpose reservoir develop- 
ments these main stem sites enables this storage, too, secured more 
effectively and substantially less cost all purposes involved reservoirs 
than would possible were necessary obtain this storage other sites. 

connection with the navigation function these multiple-purpose 
reservoirs the main stem the Missouri River, noted the reser- 
voirs will supply all the water from storage required for the Missouri River 
navigation project Sioux City, and also will furnish much the water 
needed supplement uatural flows for satisfactory navigation the lower 
Missouri River and the middle Mississippi River. However, because 
larger flow requirements resulting from wider channels and longer navigation 
seasons, these main stem reservoirs would not completely supply all the naviga- 
tion water needed the lower Missouri; and, with these reservoirs completed 
and operation, there would still winter flow deficiencies, from time time, 
the middle Mississippi River. tributary reservoirs, 
economical reservoir sites lower basin tributaries (where reservoirs are 
required part the basin plan, for complete control Missouri River 
floods) will serve supply the additional navigation deficiencies the Missouri 
River and, together with other reservoirs outside the Missouri Basin, will 
provide for navigation the middle Mississippi River. 
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SUMMARY 


Many supporting pertinent technical studies have necessarily been omitted 
from this paper. However, should emphasized that the detailed technical 
studies which have been made for the Missouri River projects have proved 
conclusively that, where there are varied requirements, multiple-purpose reser- 
voirs incorporated comprehensive multiple-purpose basin plan can serve 
any individual need the basin, such navigation, fully effectively, with 
great economies cost the various other individual uses. Also, because 
economies reservoir sites and cost, multiple-purpose projects can 
developed serve the various needs, such navigation, considerably better 
than would possible exclusively single-purpose project developments. 
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APPLICATION GENERAL POLICIES WHEN 
USED FOR IRRIGATION 


Not one the irrigation storage reservoirs constructed the Bureau 
Reclamation can considered single-purpose reservoir, although the 
reservoirs have been planned, built, and operated for that one purpose, and the 
repayment the cost construction being made only the irrigation 
interests. Some measure flood control, recreation, and fish and wildlife 
benefits apparent each storage reservoir. 

increasing recognition multiple benefits has been evident since 1933. 
has been especially evident the work the Bureau Reclamation since 
the time plans were prepared for Hoover Dam. With this recognition has come 
the necessity determining, within certain limits, the priorities use among 
the various purposes. The state and federal governments have given, and are 
continuing give, attention this subject, and their ideas are reflected 
the form legislation. The operation projects for irrigation and other 
purposes dependent federal and state policies and contracts with the 
beneficiaries. Designs and operations reservoirs have been changed keep 
pace with these factors. 

There not much uniformity, and there standardization, apparent 
the measures that have been adopted from year year the allocations 
different purposes the methods operation; but, some extent, the 
examples given this paper will explain the principles involved. The operat- 
ing characteristics cannot divorced entirely from the financial ones, because 
Bureau Reclamation projects the two are interdependent. Consequently, 
information the cost allocations will treated briefly some cases. 

The Rio Grande Project New Mexico and Texas, which covers 155,000 
acres irrigated land, extends nearly 180 miles along the Rio Grande upstream 
and downstream from Paso, Tex. The international boundary between the 
United States and Mexico, beginning point immediately above Paso, 
formed the river. Water regulation and storage are provided the Ele- 
phant Butte Reservoir, with capacity 2,219,000 acre-ft 1940 (the date 
the latest survey), miles above the project lands, and the Caballo Reservoir 
with 346,000-acre-ft capacity, immediately above the project lands New 
Mexico. power plant 24,300-kw installation situated Elephant 
Butte Dam. 

Caballo Dam and the power plant Elephant Butte Dam were added 
the project works about years after Elephant Butte Dam was completed. 
Caballo Dam was constructed part provide control arroyo floods, but 
its principal function was provide after bay storage capacity reregulate 
from Elephant Butte Reservoir and make possible the generation 
large block salable power the Elephant Butte plant. 
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The initial contract with the project water users, signed 1906, called for 
repayment the federal government all costs Elephant Butte Dam and 
Reservoir. 1907, $1,000,000 was declared nonreimbursable appropria- 
tion from the General Treasury accordance with treaty with Mexico 
(signed May 21, 1906) whereby 60,000 acre-ft water would stored annually 
Elephant Butte Reservoir and delivered Mexico point near Ciudad 
The treaty contains schedule water delivery for each month, but 
the supply diminished years extraordinary drought serious accident 
the irrigation system the United States. Although there was storage 
allocation flood control 416,000 acre-ft, which covered the upper part 
the reservoir from the inlet the cylindrical gates (El. 4396) the spillway 
crest (El. 4407), there were nonreimbursable funds allotted for this purpose. 
After Caballo Dam and the power plant were completed (in 1938 and 1940, 
respectively), the cost allocations and the repayment contracts were revised. 
Approximately $1,500,000 was transferred construction funds the United 
States State Department cover the flood control allocation for the Caballo 
Dam. This action was part the program the International Boundary 
Commission for flood control and river rectification along the international 
boundary. agreement was reached between the United States and the 
project water users whereby the remaining part the costs for Caballo, the 
cost the power plant and facilities, and the costs construction Elephant 
Butte Dam and appurtenant works were repaid solely from net power 
revenues. The reimbursable costs the storage works were divided between 
irrigation and power; the allocation irrigation repaid without interest, 
and the allocation power with interest 3%. 

summary storage and cost allocations resulting from the various con- 
tracts and agreements given Table 

agreement the operation Caballo Dam was reached with the State 
Department, whereby 100,000 acre-ft storage would available for flood 
control from June November each year. Although the major part 
the costs storage works must repaid from revenues derived sale 
power, water may released from Caballo Dam only when needed for irriga- 
tion when spilled during floods after both reservoirs are encroaching 
their flood control pools. obvious that the reservoirs must operated 
very carefully obtain the maximum power development, and the same 
time stay within the flood control limitations and avoid all discharge 
unusable water from Caballo Dam. This situation further complicated 
provisions the compact among Colorado, New Mexico, and Texas, which 
governs the distribution use Rio Grande waters above Fort Quitman, 
Tex. (80 miles below Paso). 

Benefits fish and wildlife, recreation, and sediment detention have always 
been substantial Elephant Butte Reservoir, but allocations have been 
made these uses. The City Paso obtains part its water supply 
from the project works. When the project was first planned, the city was 
given opportunity participate and receive water supply. elected 
continue procure its supply from underground sources. Recently, the 
increased population the city, the influx industry, and the establishment 
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TABLE Cost ALLOCATIONS RESULTING FROM 
Various CoNTRACTS AND AGREEMENTS INVOLVING THE 


Elephant Project 


Item am an istribu- system 
No. Use allocation Reservoir tion, (direct Totals 
New rainage cost 
Mexico) system Mexico) 
(2) (3) (4) (5) (6) (7) 
Purpose Irrigation Power 
(a) Srorace ALLocaTIoNs, In AcRrE-FEET 
Initial Allocations— 
Allocations as of 1940 Survey— 
(6) Cost ALLocations, In DoLiars, RESULTING FROM CONTRACTS AND AGREEMENTS 
Prior to 1937— 
8 Storage for Mexico............. 1,000,000 1,000,000 
a United States irrigation......... 4,246,408 | 11,269,087 aii + 15,515,495 
Prior to October 31, 1946— 
11 Storage for Mexico............. 1,000,000 1,000,000 
Flood control and river rectification 1,510,654¢ 
16 | Total estimated construction cost. ..} 5,246,408 | 11,778,244 | 5,549,575 | 2,278,562 | 24,852,789 


«Flood control, irrigation, power, and fish and wildlife benefits. % Recreation and sediment detention. 
* Considered as available for flood control but not specifically allocated by federal regulation or legislation. 
#To be repaid from net power revenues. * The United States State Department allotted $1,498,240 of 
Caballo Dam funds for flood control and contributed $12,413.73 for preliminary surveys and investigations. 
These funds are not reimbursable. 


large army post produced much greater demand the underground 
reservoir than could met recharge. Since all the waters stored 
Elephant Butte were required for project lands, was necessary for the city 
purchase lands and thus obtain rights water that could used for do- 
mestic purposes. 

was necessary operate the project storage works for flood control 
the spring and summer 1942. Unusually large inflow into the reservoir 
May and June, 1941, was followed heavy runoff from the basin above the 
reservoir the following spring. The outflow from both Elephant Butte and 
Caballo reservoirs was held substantially below the rate 11,000 per sec 
required the agreement with the State Department; but some damage 
was caused areas near Hot Springs, Mex., between Elephant Butte and 
Caballo reservoirs, where property had encroached the flood plain. 
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Fig. represents chart from the “Rio Grande Project History 1942,” 


showing the operations during the flood control period. 


Under normal conditions, the discharge from Caballo Dam entirely for 


irrigation, and Elephant Butte Dam and power plant are operated avoid 


Discharge,in Thousands Cubic Feet Per Second 


Storage,in Millions of Acre-Feet 


Thousands 


Caballo Outflow 
Discharge E! Paso 


Discharge Fort Quitman 


DISCHARGE ELEPHANT BUTTE AND CABALLO RESERVOIRS 


J 
Spillway Crest 2,219,000 Acre-Feet El. 4407 
(6) ELEPHANT BUTTE STORAGE 
Maximum Caballo Storage 346,000 Acre-Feet 
6 Discharge El Paso 
é 4 
November December January March 


1941 
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raising the elevation Caballo Reservoir level that would make spills 
nonirrigation water necessary. Farmers the project inform the ditch rider 
when they will need water and how much will required. This information 
passed the project office where data are compiled and orders given for 
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the release water from Caballo. The operator Elephant Butte Reservoir 
notified the quantity water that can spilled from the reservoir during 
each month. occasions, particularly the spring, when necessary 
evacuate the flood control pool Caballo Reservoir, operations the power 
plant are restricted. 

These factors are the principal ones noted the Rio Grande case. 
Decisions, with regard allocations, were reached only when exigency de- 
manded, the circumstances indicated, and without analysis all benefits 


potential allocations. However, the project works are designed that 


they can operated satisfactorily for irrigation, flood control, power devel- 
opment, and other purposes. 

Although considered originally single-purpose project, the Alamogordo 
Reservoir the Pecos River, 247 miles above the Carlsbad (N. Mex.) Project, 
which serves, has captured reduced the peak several floods since 1937, 
when the dam was under construction. The present capacity the reservoir 
about 132,000 acre-ft. Recognition its flood control potentialities ex- 
pressed federal act (Act August 11, 1939; Statute 1414) which provides 
for the determination, the Corps Engineers, the benefits the reservoir 
affords. There are some fish and wildlife and recreational benefits, and prior 
1946 the permissible drawdown was such that only 5,000 acre-ft remained 
the reservoir. 1946, the water shortage the Carlsbad Project became 
acute that the reservoir was lowered 1,500 acre-ft, the maximum drawdown 
that could accomplished without damage the outlet valves. loss 
fish was apparent. 

Conchas Dam the Canadian River east central New Mexico, miles 
northwest Tucumcari, was completed the Corps Engineers 1939. 
Storage capacity amounting 600,000 acre-ft was assigned: 100,000 acre-ft 
sediment detention; 300,000 acre-ft irrigation; and 200,000 acre-ft flood 
control. Storage capacity for flood control that part the reservoir above 
the permanent crest the dam spillway. 

The Bureau Reclamation building the 38-mile canal from the Conchas 
Reservoir the project lands and the irrigation distribution and drain- 
age systems for project area 45,000 acres which surrounds the City 

None the costs for the reservoir repaid the water users. The 
Corps Engineers operates the dam, reservoir, and all outlet works including 
the one for the irrigation canal. Releases irrigation water are made re- 
quested the Bureau Reclamation. 

There considerable fishing and boating Conchas Reservoir, but 
allocations have been made for such benefits. probable that some fish 
will lost from the reservoir through the irrigation outlets. This condition 
might rectified screening the outlets placing trap the main 
canal. 150-kw plant provides power for the dam and camp operations. 
Water for operation the plant taken from any water available the reser- 
voir, without reference specific allocation. 

The principal features the Altus Project southwestern Oklahoma are 
the Altus Dam and Reservoir the North Fork the Red River and canal 
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and distribution system for the irrigation approximately 60,000 acres south 
the dam. The reservoir capacity 188,414 acre-ft. The allocations made 
the Bureau Reclamation for regulation purposes, and the cost allocations, 
established the Feasibility” (dated January 21, 1941) were 
follows: 


Allocated to: Acre-feet Costs 
Municipal supply........... 4,800 $1,080,000 
Unemployment relief........ 1,390,000 


The allocation space for flood control above the crest the ungated 
spillway. The Work Projects Administration participated the unemploy- 
ment relief. The estimated cost the project has increased since the 
ings Feasibility” but the allocations have not been changed. 

This project one for which the Secretary War prescribe regulations 
for use storage allocated flood control under the terms Section the 
Flood Control Act 1944 (58 Statute 890). The tentative agreement that 
the flood control discharge facilities shall operated under the direction the 
district engineer the Corps Engineers whenever the pool stage reaches the 
crest the ungated spillway. The district engineer then directs the opera- 
tions the discharge facilities prevent flood damage below the reservoir 
and limit the pool stage elevation above the crest the ungated 
spillway far possible. 

Hoover Dam, one the most successful multiple-purpose projects the 
United States, located the Colorado River, 420 miles above its mouth, 
where the river forms the boundary between Nevada and Arizona. The dam 
miles east Boulder City, Nev., and miles northwest Kingman, 
Ariz. The reservoir, Lake Mead, has capacity 31,142,000 acre-ft. The 
power plant, located the toe the dam, will have total capacity 317, 500 
kw, which 1,030,000 now (1948) installed. 

The purposes for which the reservoir and power plant were built, set 
forth Section the Boulder Canyon Project Act (Act December 21, 
1928; Statute 1057), are: 


Control floods; 

Improvement navigation and regulation the flow the Colorado 
River; 

Provision for storage and for the delivery the stored waters for re- 
clamation public lands and other beneficial uses within the United States; and 

Generation electrical energy make the project self-supporting 
and financially solvent undertaking. 


Engineering studies indicated that the lower 300 360 the reservoir 
should allotted silt and sediment detention; the next 155 215 
active storage river regulation; and the upper flood control. The 
approximate reservoir capacities are 3,000,000 acre-ft for silt detention; 
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20,000,000 acre-ft for active storage and river regulation; and 9,000,000 acre-ft 
for flood control. 

The initial legislation provided that the cost all the works would 
repaid years with interest through the sale stored water and 
electrical energy, but that charge should made for water stored for the 
Imperial and Coachella California. The sum $25,000,000 the 
construction cost was allocated flood control and was repaid the 
United States out percentage the revenues which were excess 
the amount needed meet periodic payments during the period amortiza- 
tion. The Boulder Canyon Project Adjustment Act (Act July 19, 1940; 
Statute 774) revised the repayment plan. provided that the payment 
the $25,000,000 allocation flood control was deferred the period 
starting June 1987, and repaid without interest. The remainder 
the cost the dam and power plant was repaid with interest from 
revenues from the sale power and water. The costs operation and main- 
tenance were met advanced payment each year generating 
charges. May 31, 1945, the end the project’s fiscal year, $37,700,000 
had been returned the Treasury from the sale water and power. Genera- 
ting charges for 1945 totaled approximately $1,630,000. 

Among the unique provisions the act were those providing for payment 
$300,000 per from 1938 1987 each the states Arizona and 
Nevada and for the transfer special fund the Treasury, designated 
the Colorado River Development Fund, $500,000 year from 1938 1987 
for studies, investigations, and construction projects the Colorado River 
Basin. 

accordance with the terms the initial authorizing legislation, contracts 
for the sale water and power were obtained before construction was initiated. 
After the adjustment act was passed, the contracts were amended and arrange- 
ments made for the power allottees operate the electrical generating and 
transmission system. The Bureau Reclamation, however, operates all 
valves and gates which control the flow water from the reservoir. 

will noted that the allocations reservoir capacity not apply 
specifically the purposes for which the project was authorized. Furthermore, 
the policies for repayment differ from the general ones pertaining irrigation 
and flood control that repayment required for flood control and made 
for irrigation with interest. The recreational and fish and wildlife benefits are 
very great Lake Mead, but allocations have not been made for these purposes. 

The water stored Lake Mead must conserved for municipal and irriga- 
tion uses downstream; therefore, power and flood control releases must 
regulated such manner that the water may used full advantage the 
projects below the dam. 

Among the more important projects already constructed below Hoover 
Dam are the Parker Dam power plant and the pumping plant the Los 
Angeles aqueduct immediately upstream from Parker, Ariz.; the Palo Verde 
Irrigation Project near Blythe, Calif.; the Headgate Rock Diversion the 
Colorado River Project the Indian Service; and the diversion dams for the 
Imperial Valley and Yuma projects near Yuma, Ariz. These projects are 
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from 150 miles 300 miles from the dam. Their needs for water fluctuate 
from day day; and, account the long distances involved, careful sched- 
uling must followed avoid wastes the one side water shortage 
the other. addition, water releases and river control are required for the 
delta area Mexico, under the terms the Mexican Treaty, which became 
effective November 1945. These requirements make desirable 
route all water requests river control officer the Bureau Reclamation, 
who compiles the data, coordinates with the required operations Lake 
Mead for power development and flood control, and designates the quantity 
and time water releases from Hoover Dam. 

The Davis Reservoir being built (1948) miles 
downstream for power development and river When completed, 
this structure should aid materially increasing the efficiency operation 
Hoover Dam. the development the Colorado River Basin progresses 
and the states the basin reach agreement the allocation the river 
waters, the importance Hoover Dam the key structure the river basin 
development will become increasingly apparent. 

enormous amount study has been given the design and the opera- 
tion the Columbia Basin Project, Washington, obtain the maximum 
control and use the Columbia River waters and provide the greatest 
benefits for multiple purposes. 

The Grand Coulee Dam, the principal feature the project, situated 
the Columbia River, miles northwest Spokane, Wash. Other features 
this project are: 


(a) The 9,500,000 acre-ft reservoir back the dam; 

(b) Power plants situated one each end the dam, which will have 
final capacity 1,944,000 kw, 648,000 which installed; 

(c) The pumping plant, with capacity 16,000 per sec and 650,000 
hp, which will raise water maximum 360 from the reservoir the 
irrigation project works; 

regulating reservoir 1,202,000-acre-ft capacity; and 

(e) Main canals (440 miles) serve the project area 1,022,000 acres, 
lying the Grand Coulee south the dam. 


The power plant connected the high voltage power network the Bonne- 
ville Power Administration, which markets the power from the Bonneville 
(Ore.) plant, built the Corps Engineers site 450 miles below Grand 
Coulee Dam. 

The principal purposes served the Grand Coulee Reservoir are naviga- 
tion, flood control, irrigation, power and river regulation. Specific allocations 
storage capacity have not been made different purposes, the benefits being 
obtained through appropriate regulation the reservoir. 

indication the elements that will considered the operation 
the project can obtained from the final cost allocation determinations 
that were made report the Department the Interior, submitted 
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Franklin Roosevelt, then President the United States, and the 


Irrigation—including power for pumping..... $341,929,994 
Present commercial 113,827,243 
Downstream river regulation............... 30,272,991 
Flood control and navigation............... 1,000,000 


was decided that the costs constructing the project works should 
met (1) repayments the water users within their limits repay, (2) 
nonreimbursable navigation and flood control benefits, and (3) 
net revenues from the sale power generated Grand Coulee Dam and 
generated plants downstream, when the power output was benefited the 
river regulation provided Grand Coulee Dam. The basis for repayment 
the reimbursable costs given the For example, the cost require- 
ments and the revenues needed repay total reimbursable costs plus interest 
investment allocated power (over repayment period ending 
2017, inclusive), are: 


Item Description Cost 
Requirements: 
Reimbursable construction $486,030,228 
Other operating 151,567,042 
Interest unamortized balances investment allo- 
Revenues: 
From Water Users— 
For pumping power................ $50,500,000 
Construction cost repayment........ 87,465,000 
Total revenues from water $137,965,000 
Remainder required from commercial power......... $643,339,085 
Revenue for river regulation the Bonneville project 9,378,500 
Remainder required from sale power generated 


The reimbursable construction cost (item equal the total cost the 
project ($487,030,228) less $1,000,000 which allocated navigation and 
flood control. Items and not include operation and maintenance ex- 
penses the irrigation system, amounting several million dollars annually. 


House No. 172, 79th 1st Session, 1945, 21, Table 
26, Table 11. 
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The sum required from the sale power generated Grand Coulee (item 11) 
excess that required law the extent about $70,786,815, which 
equivalent the interest the investment allocated power. 

Items show that there was allocation part the costs 
and wildlife” “recreation.” The benefits these purposes are substan- 
tial, although there are some offsetting damages fish propagation. The 
Grand Coulee Dam blocks the run salmon into the spawning grounds the 
upper reaches the Columbia. are being reestablished tributaries 
below the dam, requiring considerable expenditure money for traps, 
hatcheries, transportation equipment, and operations. 

Another feature the Columbia River Project the proposal secure 
returns from the benefits present and future downstream power plants; but, 
the allocation the only revenues anticipated present (1948) 
are those from the Bonneville plant. 

Several more the fifty-seven operating projects the Bureau Recla- 
mation could described point out certain distinguishing characteristics 
design and operation, but the general principles would similar. The Rio 
Grande Project typical those where there are definitely recognizable 
multiple purposes. this project reservoirs can operated for many 
purposes, without appreciable conflict, provided that the various potential uses 
are recognized the planning stage and the designs are prepared accordingly. 

The design, and particularly the operation, reservoirs federal irriga- 
tion projects are not dependent solely engineering considerations, river 
discharge characteristics, the regulation stream flow for optimum benefits 
for all purposes. They are influenced considerable degree financial and 
and legislative matters which apply each separate project. 

extremely desirable analyze all potentialities proposed projects 
avoid costly reconversion duplication construction features; and 
desirable, where feasible, build and operate the works for all practicable 
purposes. the same time, there should recognition all benefits 
projects and general uniformity and standardization should 
provided when cost allocations are determined. These objectives will 
attained only fast the states and the federal government—and especially 
federal agencies—make their decisions water policies. There much dis- 
similarity the approaches different agencies problems investigations 
and operations, with consequent confusion the handling water matters. 
This situation can rectified only when adequate national water policy 
has been adopted. Then, and only then, will possible attain any 
appreciable uniformity the determination allocations for various purposes 
multiple-purpose projects. hoped that the impetus afforded the 
papers this Symposium will develop the guidance that needed greatly. 
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COORDINATION WITH THE ELECTRIC 
UTILITY INDUSTRY 


The general background the extent, character, and cost multiple- 
purpose dams the United States and the trends established and the 
problems posed presented this paper. general résumé and discussion 
group such dams the southwest, with which the writer has had direct 
experience are also included. 


The building this type dam has been almost solely developed 
governmentally financed device based general public benefits. Taxpaying 
industry, which must finance itself and otherwise “stand its own feet,” 
has not found economic justification for such structures. 

Relatively early its history, the United States Reclamation Service found 
that there was some electrical energy available its dams over and above 
that needed operate the control gates and other equipment. marketed 
this power successfully farmers and neighboring utilities. The proceeds 
these sales were used reduce the sums paid the settlers for water 
irrigate their lands. all these earlier structures, although the power 
supply has become comparatively large income producer, the reclamation 
objective has remained paramount, and power still subordinate. The power 
supply has been coordinated, completely and efficiently, with the other power 
resources the areas through sales existing utilities. 

Hoover Dam, which was started 1930, and placed operation 1936, 
was the first the great multiple-purpose dams built with power pro- 
duction the primary purpose the enterprise, and present coordination 
problem large proportions. 

After Hoover Dam was completed, many multiple-purpose dams were un- 
dertaken, and many more are scheduled for future construction, practically 
every one them with power its predominant purpose (see Table 3). 
many cases, the actual cost the projects that have been completed has 
overrun the estimate which they were authorized. Taking into account such 
overruns and the rapidly mounting costs construction, would appear that 
the total capital expenditures for the 289 projects listed line Table may 
reach total $15,000,000,000. The total installed capacity, present and 
prospective, the 289 projects 79% the 40,360,000 installed capacity 
privately owned utilities December 31, 1946. The successful coordina- 
tion such great amount government power with the existing power 
resources obviously small undertaking, and badly handled government 
power could very harmful the utility industry and costly ultimate 
consumers and taxpayers. 


4 Pres. and Gen. Mgr., Texas Electric Service Co., Fort Worth, Tex. 
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Obviously, the output completed multiple-purpose dams must mark- 
eted—either displacing existing sources power, using the dams 
take care their appropriate part the increases the demand the ex- 
isting market. 


TABLE Dams Power, 
AND FINANCED FEDERAL 


No. Kilowatts 
installed Estimated 


(ultimate) cost 


Completed and service since 1933 $1,661,360,000 
Steam stations and dnaiorperesee hydro plants built in 
conjunction with, and because of, multiple-purpose 

Total dams service 000 

Under construction 3.142.550 872.320,000 

Authorized and approved 11,915,700 

Being actively proposed 10,179,300 


Total built, being built and line for early construction. 289 31,866,050 $8,298.880,000 


should noted that the generation and the sale electricity appreci- 
able commercial quantities date from recently the 1880’s. Invention and 
development were the results private initiative and private enterprise. 
Both steam-electric and hydroelectric generating stations various character- 
istics were built, and their operations coordinated. Step step, large inter- 


connected transmission networks were constructed and operating methods 
developed. These improvements led, turn, the formation intercon- 
nected groups working together, with attendant economies and improved 
power supply. Today, the United States leads the world the use elec- 
tricity. The outstanding accomplishment the utility industry was 
meeting all the power needs the nation full throughout World War II, 
despite great shortages equipment, labor, and supplies, although every other 
commodity was short supply, strictly rationed. Morever, this need was 
met without increasing rates, despite great increase the price supplies 
used the utilities, and large increase utility taxes. Such results are 
indicative the vigor and resourcefulness the electric utility industry—all 
without tax remission subsidy. stands reason that, there were 
economic justification for taxpaying individual group build such multiple- 
purpose projects, many would have been built. 

The electric utility industry willing and able meet the future power 
needs the United States without benefit subsidy special privileges, and 
the industry has the technical skill and experience make use the power 
from multiple-purpose daras the best advantage when and called upon 
so. Every evidence points long-continued growth the use 
electricity. Therefore, existing efficient power resources need not dis- 
placed the new plants are properly scheduled 
and designed, they can utilized carry the new load conjunction with 
existing generating facilities and additional base load stations. 


Line 
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Ever since its early beginnings, the electric utility industry has been princi- 
pally privately owned and partly government owned. For many years the rela- 
tion between these two sections the industry was relatively constant. 
About 95% the public supply was generated privately owned utilities, 
and about government owned utilities, mainly municipalities. About 
1933, the proportion government owned power production began in- 
crease rapidly. 1946 amounted 18.86% the total produced for 
use, about times the proportion prevailing prior 1933. 
purpose dams built governmental financing, with the attendant tax ad- 
vantage the users and corresponding loss other taxpayers, were largely 
accountable for the increase. 

Much the increased production public power generating stations 
has been marketed through existing utility systems. 1945, privately owned 
utilities accounted for about 90% the from ultimate 
and public power about 10%, and the 1946 proportion probably was about the 
same. The outlet for marketing and coordinating the power from multiple- 
purpose dams still predominantly through privately owned utilities. 

However, discussing the problem coordinating this vast amount 
very specialized hydro power with the existing power facilities, certain other 
problems must taken into account. projects vary widely 
respect cost, desirability, usefulness, and amount and kind power; but 
they all have some common economic characteristics which have direct 
bearing coordination and marketing, such 


All are more less the recipients financing and tax advantages the 
cost the general taxpayers; 

The power from these dams, contrary common belief, not cheap. 
Its actual cost often greater than for equivalent power from other 
available sources; and 

The cost many these dams great that, make them “money 
out,” even under the government formulas used justify their con- 
struction, necessary design them operate very low load 
factors. 


The need show that large power values are inherent these projects has 
led some designs that seem have little relation the power requirements 
the territory. For example, the engineers laying out multiple-purpose dams 
involving power and flood control navigation are furnished formula 
(usually the form two-part rate) the Federal Power Commission, 
with which place dollar value the power and energy produced. 
These formulas vary widely with localities and with the price fuel. The 
formula” Table the one used for the Red River Texas and 
Oklahoma, sets the value power capacity $10.50 per kw-yr and the 
value energy 0.83 mill The “Virginia Table was 
used connection with the Buggs Island development the Roanoke River 
Virginia. The rate under this formula $17.20 per kw-yr plus 3.12 mills 
per kw-hr. Both formulas are used fuel-producing areas. 
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The Division Power the United States Department the Interior 
furnished list proposed multiple-purpose dams the eastern part the 
United States, the output which must absorbed the load the terri- 
tory. estimate the firm power given for fifty two the projects 


Loap Facrors 


Formula 
2,029 2,428 3,227 5,624 


the long list. The load factors (ratio between average prime power and in- 
stalled capacity) indicated are: 


Load No. 
factor (%) multiple-purpose dams 


Local rainfall and runoff conditions greatly affect the design multiple- 
purpose dams. comparison between two diverse areas instructive. The 
Columbia River the northwest has large dependable flow because fed 
great snow accumulations and great glaciers, and replenished heavy 
The Red, Arkansas, White, and Ouachita rivers the southwest, 
which many multiple-purpose dams are planned are flash rivers lacking de- 
pendable flow. The four rivers together have about the same drainage area 
the Columbia; yet their total volume water (floods and all) only 38% 
that the Columbia. 

The federal government has built two dams the 
Columbia River. They are practically completed, except for few generating 
units being installed (1948) Grand Coulee. The federal government has built 
financed three, and building planning build fifteen more multiple- 
purpose dams the Red, Arkansas, White, and Ouachita rivers. The com- 
parison Table indicative the wide variations between the two 

The comparison would even more striking estimates for the proposed 
plants the southwest were available, they would much higher than 
those shown Table but, taking the data they are, for each 1,000,000 
kw-hr, primary energy per year capital expenditure $23,818 was necessary 
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the Columbia, and $221,954—or nearly ten times much—will required 
for the multiple-purpose projects the southwest. gas-fired steam-electric 
station the southwest, built for continuous operation will cost, 1948 high 
prices, about $16,250 for each 1,000,000 kw-hr primary energy, only 
about one fourteenth the cost multiple-purpose dam! Regardless 
what may done allocating part the cost the dams purposes other 
than power, and regardless the difference production cost between hydro 
and steam, evident that hydro plants the southwest can used effect- 
ively only peak load carried exclusively. the other hand, Columbia 
River power suitable for base-load operations. Obviously, the coordination 
power sources having such widely different characteristics cannot realized 
single arbitrary formula. situation different, and each problem 
must solved itself. 


TABLE 5.—Comparison RESERVOIR 
PROJECTS THE AREA WITH THOSE 
THE SOUTHWEST 


Current Prosecrs* 


Line Description 
Quantities % 
1 Drainage area. in square miles...................... 237,000 238.100 Be 
2 Ultimate installed capacity, in kilowatt-hours. ....... 2,200,000 1,566.000 71 
3 Annual primary energy, in kilowatt-hours............ 12,255.000,000 | 2,333.600.000 19 
4 Average annual energy, in kilowatt-hours............ 16,728.000,000 | 3,765.600,000 23 
5 Estimated cost of projects, in dollars................ 291,858,872 517,951,000 177 


* On the Red, Arkansas, White, and Ouachita rivers; values in the last column are percentages of the 
Columbia Basin quantities. 


The principles that should govern each these separate studies have been 
time tested and proved through many years experience. Few utilities are 
self-sufficient regard power. Most them are interconnected with neigh- 
bors and, one way another, participate the pooled operation the power 
resources the area. During World War II, these power pools were very 
extensive size. The one the southwest, for example, comprised sixteen 
privately owned utilities and seven public power utilities. extended from 
western Texas central Mississippi, and from the Rio Grande northern 
Nebraska. total eighty steam-electric stations (ranging from highly 
efficient base-load plants old plants the variety), ninety-four 
internal combustion stations, and thirty-four hydroelectric stations (the largest 
them equipped with reservoirs) was involved. 

Each station was scheduled for operation day day, and sometimes hour 
hour. The place the load curve assigned each plant gave full recog- 
nition its characteristics, capability, efficiency, and availability, and the 
prevailing transmission limitations. The most efficient steam plants were 
placed base load. The hydro plants were located the load curve the 
point where the available water would enable the maximum capacity possible 
realized. Then, one one, the other steam and thermal plants were 
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added the load the order their respective efficiencies, leaving the peak 
loads carried the steam stations poorest efficiencies, unless proved 
best pick off the peaks with the hydro plants. Steam units were scheduled 
for overhaul the most suitable times; and, wherever possible, water was 
stored the reservoirs the hydro plants used critical times, 
substituting steam power for the hydro power and temporarily curtailing hydro 
operation. 

realize the best efficiency and make the maximum effective use 
each power resource, the operation such system cannot allowed 
come static. must flexible and subject prompt adjustment meet 
the constantly changing conditions. 

The transmission system such coordinated operation reality 
integral part the power facilities, and should not considered separately. 
Experience has shown that the most efficient and the least costly transmission 
system one that fulfils several requirements. well-designed network 
generally will: 


Deliver power and energy the various load centers; 

Provide two-way service all important points; 

Interconnect and integrate the power resources; 

Interconnect with neighboring utilities; and 

Constitute effective link the regional power system. 


WwW bor 


When the Southwest Power Pool was formed during World War II, very 
little was needed enable the existing transmission systems 
perform the necessary coordinating operations, and the job was done for 
reasonable cost because the methods used were economically sound. 

Although the power pools during the war dramatized the advantages 
gained proper coordination between power resources, the principles had 
been developed and long been used most the power systems the United 
States. These proved coordination methods, respect both generating 
plants and transmission lines, are precisely those needed make the most 
effective use the output multiple-purpose dams. instructive, there- 
fore, review what has been done toward coordinating the output the 
multiple-purpose dams already service and what should done about 
future dams. Should the coordination nationalization the utility 
business, interaction with the taxpaying utilities that constitute vital 
link the American way life? 

date, little any real attempt has been made plan, schedule, and 
operate multiple-purpose dams fit the power requirements the areas 
which they are located. The federal government has confined its efforts 
marketing such power, using the following two methods: 


(a) Sales powerhouse wholesale quantities; and 
Establishment regional authorities. 


Selling power wholesale lots the powerhouse has been very successful 
for the most part. This plan was followed the early Reclamation Service 


850 RESERVOIRS 


dams and used Hoover Dam, where the available power allocated 
among the distributors, public and private, who have built transmission lines 
the powerhouse take the power away. Although there evidence 
available that the use Hoover Dam power has resulted any savings the 
distributors compared with other available sources power, this method 
marketing the power output has proved quite favorable for the federal govern- 
ment and has resulted conserving fuel territory where cheap fuel 
longer obtainable necessary amounts. Hoover Dam one the govern- 
mental projects that out” planned. 

The outputs the Morris Sheppard (Pessum Kingdom) Dam Texas, 
Denison Dam Texas and Oklahoma, and Norfork Dam Arkansas are all 
sold near the powerhouse. 

The sales the output multiple-purpose dams near the power- 
house, and marketing the power through the facilities the existing utilities, 
have been proved successful, especially respect the financial returns the 
government, and this practice minimizes the cost energy consumers. The 
method will even more successful the future greater care taken 
design the multiple-purpose dams cooperation with the experienced power 
people the area that the plants will: 


(1) scheduled come service needed; 

(2) type, and built schedule, that will permit complete 
coordination with existing power facilities; and 

(3) Supply the power net cost least greater than the net cost 
supplying equivalent power other methods. 


Even “coordination” force through nationalizing the electric utility 
industry were the most efficient way doing the job, the by-products this 
course, its long-range effects the social and political structure are un- 
desirable, the writer’s opinion, that this method should abandoned before 
more addition, the facts all point this method producing 
less efficient results than can realized through coordination with the tax- 
paying utilities and the municipally owned utilities. 


EXPERIENCE THE SOUTHWEST 


The writer identified with group privately owned electric utilities 
which, collectively, compose interconnected system that serves area 
some 114,000 miles north-central Texas (the upper coastal plain) and 
sections the state lying west and north Dallas-Fort Worth, almost far 
westward along the Texas Pacific Railroad the Pecos River (see Fig. 12). 

This territory shows wide variations character to: Elevation (Fig. 
13(a)), topography, soils, climate, geological formation, rainfall (Fig. 
and natural resources. These varying characteristics naturally govern the 
economic and social status the respective geographic divisions. 

Referring topographic and features, the extreme western sections 
are the southern end the Great Plains, with elevations 3,000 and 
higher above the cap rock. this Great Plains area, average rainfall varies 
from in. in. The north and west escarpment the coastal plain 
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generally follows line falling west Fort Worth, through Austin and San 
Antonio. Between this escarpment and the upper plains country lies what 
locally termed the hill country and the intermediate plains, having elevation 
extremes from, say, 500 2,000 and rainfall bracket from in. 
Dallas somewhat more than in. the western boundary. 

Substantially all the hydroelectric projects fall within, adjacent to, the 
service area the utility companies with which the writer identified; all the 
multiple-purpose reservoirs, existing proposed Texas, lie within this same 
region rivers that flow from the upper plains the hill country, southward, 
southeastward, eastward the coastal plains, and thence the Gulf 
Mexico. 

The rivers rise what would classified arid region and, general, 
are fed rains that travel northward and westward from the Gulf region 
toward the headwaters the rivers, following much the same course the 
streams, but reverse. most arid countries, the rainfall highly 
variable and unpredictable; but, when excessive rainfall does occur, the result 
can only the occurrence extreme floods. 

Numerous instances can cited unprecedented stages the larger 
streams which, for the most part, were caused floods only one few 
the tributaries. The greatest recorded flood the Colorado River Austin 
was contributed the main the Llano River. The largest recorded flow 
the Brazos River below Cameron was caused mainly rainfall 4,000 
miles, minor part, the Little River watershed. 

The multiple-purpose reservoirs are the hill country, varying distances 
upstream from the coastal plain escarpment. 


The existing projects are described briefly Table with supplementary 
comment, follows: 


Denison Dam the Red River near Denison, the boundary be- 
tween Texas and Oklahoma (see Fig. 12). This project was constructed with 
federal funds the Corps Engineers and operated that organization, 
but marketing the power under the jurisdiction the Southwestern Power 
Authority (an agency the United States Department the Interior). 

Since this project was placed operation 1944, the Texas Power and 
Light Company has purchased all the power output under the terms 
temporary, wartime contract. 1947, this company negotiated new con- 
tract, under the terms which will utilize most the capacity the present 
35,000-kw 40,000-kw unit and will have the use one half more the 
capacity the third unit; the second unit reserved for sales the State 
Oklahoma. total three units proposed, the second which was sched- 
uled for completion around the end 1948 but may not service before 
the middle 1949. 

The Morris Sheppard Dam the Brazos River, approximately miles 
northwest Mineral Wells, Tex., comprises the first projected series 
developments the upper Brazos (above Waco) the Brazos River Con- 
servation and Reclamation District. This agency the State Texas 
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but was assisted financially the federal government building the first 
unit the plan. 

The Whitney and several other sites the multiple-purpose type are 
proposed developed, although the DeCordova Bend site would lend itself 
little other than power purposes. Included the grand scheme are some 
purely flood control reservoirs the Leon River and other tributaries. These 
latter assume greater importance the flood control plan than reservoirs the 
main stream because the tributaries have developed record high unit-area 


SOURCES 


Enerey, In 
Dam 
Flood In- ~ Pri- | Aver- 
Total Power Other stalled Firm mary 


(a) Rev River 


Denison Dam near Denison, 


ex.: 
Present (1948)............. 1,148.0 2,745.0 40.0 140.0 218.0 
Proposed (three units). ..... 120.0 84 140.0 | 296.0 


(b) Brazos River 


Possum Kingdom Dam, north- 
west of Mineral Wells, Tex... 730.0° 524.0 ok? 206.0 22.5 10 24.07; 75.0 
Whitney Dam, North Waco, 
Tex.: 
Present (construction started 
in 1947; earthwork incom- 
plete in 1948) 2,118.4 131.7 | 1,731.4 33.2/| 85.0/ 
oe 386.9 | 1,476.2 255.3 30.0/| 23/ 40.8] 98.1/ 


(c) Lowzr Cororapo River AvuTHORITY 


Marshall Ford Dam. . ope 1,132.0 1,160.0¢ 75.0* 
Buchanan Dam.............. 790.0 100.0} 210.0} 25.0: 


* Below the spillway. * Total to top of gates. * Above the spillway. ¢ This is the 1948 estimate, 
the preliminary estimate was 49,000,000 kw-hr and the estimate of the Federal Power Commission was 
33,300,000 Includes 100,900 acre-ft above the spillway. Unofficial. Used store secondary 
considered aid flood control. Controlled flood storage. Units are kilovolt-amperes 
at 0.9 power factor. / Units are kilovolt-amperes at 0.95 power factor. * From a 1943 bond prospectus. 


Flood control Morris Sheppard Dam provided storage the free- 
board (maximum estimated height flood crest above spillway). 

The Brazos River Conservation and Reclamation District (the state agency 
operating the Brazos project) contracted sell its entire output the Brazos 
River Transmission Cooperative, Incorporated. The latter organization ex- 
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pected market the output the member cooperatives. Actually, the Texas 
Power and Light Company purchased the major part the output from the 
Brazos River Transmission Cooperative and thus far has supplied the market 
for Morris Sheppard Dam output under terms wartime contract. The 
Texas Power and Light Company supplies the member cooperatives and makes 
the best possible use the capacity and energy the Morris Sheppard Dam. 

During one year, the Texas Power and Light Company supplied more 
kilowatt-hours the member cooperatives than derived from Morris Shep- 
pard Dam, although the aggregate peak demand the Rural Electrification 
Administration (REA) probably did not exceed 2,000 kw. Future disposition 
this power has not been resolved. 

The Lower Colorado River Authority (LCRA) has developed series 
projects the Colorado River and has two additional sites developed 
for power purposes, all upstream from the coastal plain escarpment Austin. 

The LCRA likewise agency the State Texas but was financially 
assisted the federal government, having been advanced funds for the first 
construction project federal loan and grant. The loan was subsequently 
refinanced with bonds the LCRA. The largest unit the project, Marshall 
Ford Dam, was constructed with federal funds. 

Power marketed many consumers directly; three the private utilities 
purchase, under firm contracts, total 63,000 kw, the Texas Power and 
Light Company participating the extent 42,000 kw. The project cooper- 
ated fully with the wartime power program the area. 


CHARACTERISTICS 


These several projects, constructed and proposed, are capable con- 
siderable flood control. Perhaps superfluous remark that anything short 
proper operation the facilities will deprive the public the potential 
flood control benefits for which good money has been spent; conditions may 
even aggravated. 

The most ardent supporters these Texas developments would not contend 
that the multiple-purpose projects, themselves, are capable controlling 
floods. Flood control compromise. Denison Dam will release all but 
extreme floods through turbines and sluiceways, capable filling probably 
overflowing the downstream channel; but has been provided with large, 
free discharge spillway. The Brazos River basins will have aided 
several flood control reservoirs the tributaries. Nevertheless, much 
gained utilizing the freeboard uncontrolled spillways for flood control, 
the top storage reservoir frequently being the most economical unit-cost 
storage. The added flood control feature may bring economic justification 
that would lacking single-purpose power projects. 

The writer does not propose set himself arbiter the economic 
justification the multiple-purpose dam projects that have been constructed 
Texas, but will state that—under his supervision and some cases 
long ago 1927 when fuel prices were much higher and 
lower—comprehensive studies Texas streams were made determine 


q 
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feasibility for development hydro power. Without exception, the findings 
were unfavorable. 

design and operation electrical facilities, appears that hydro 
power economical Texas because offsets the high operating costs 
thermal plants when operating low load factors, when operating 
spinning reserve, which case the amounts hydro energy are small pro- 
portion the installed capacities. general, the lower the load factor carried 
hydro generation (within the limits its relation size the load the 
system which operates) the greater will the economic justification 
for the hydro capacity, inasmuch the trend thermal plant unit production 
costs rises sharply with reduced load factor. follows that the peaks should 
always carried the hydro plant the power pool storage sufficient 
provide the necessary flexibility. 

Utilities northern Texas have loads that are capable absorbing 
full advantage the hydroelectric capacity that thus far has been installed. 
Analyses have shown that system lesser size would not capable fully 
utilizing such hydro power—thus effectively illustrating the economic de- 
sirability marketing low load factor hydro power established power 
systems ample size and load diversities, and scheduling the new hydro- 
electric installations conform with the ability the power systems absorb 
each new increment hydro power. 

The writer’s philosophy proper design and operation may delineated 
presenting analysis (see Fig. 14) hydro power utilization that was 
prepared not long ago, but based 1940 loads. this study, was 
assumed that there would become available the utilities north Texas, from 
present and proposed projects the Colorado, Brazos, and Red rivers, aggre- 
gate power equivalent 130,500 kw, 178,400,000 kw-hr annually, and 15.6% 
load factor. 

Analyses were made which, summarized, showed the following tabulated 
results, which are illustrated Fig. 14: 


(a) 1940, the Texas Power and Light Company (Fig. 14(c)) could have 
absorbed only 77,400 the capacity although there was peak demand 
125,410 kw; 

(b) The load the Texas Power and Light Company would have in- 
crease 216% the 1940 load 270,890 absorb the full 130,500 
(Fig. (d)); and 

(c) The north Texas group companies had peak demand 1940 
282,950 (Fig. 14(a)); and the characteristics the aggregate load were 
such that the upper 130,500 the demand closely matched the 15.6% 
hydro power output. 


Viewed from another angle, 130,500-kw peak demand system (Fig. 
supplying load having 58% annual use factor, would have annual total 
energy requirements 663,000,000 kw-hr, contrasted with the hydro yield 
178,400,000 kw-hr, 26.9% the required energy. 58% load factor 
the hydro could carry only 35,000-kw load. Given system supplied from 


118% of 1940 Peak - 333,880 Kw 
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thermal plants with load 333,880 kw, the total hydro capacity 130,500 
could effectively used with the kilowatt-hours available. 

The foregoing example and discussion cover basic facts that are well known 
the power industry; they concern the “ABC’s” hydro power utilization. 
axiomatic that commodity represents bargain, any price, unless 
there use for it, and hydro generation must fit the load pattern fully 
useful. The lower the load factor generation (contrariwise, the greater 
the degree capacity development), the greater must the ratio system 
peak load the hydro capacity. This argument increasingly true because 
utilization load factors have trended upward and have reached high annual 
totals, with almost unbelievably high seasonal and daily values. Hence, 
low load factor power should not constructed faster than the basic power 
system systems can absorb it. should mentioned, passing, that the 
determination fitness not simple the illustrated case, utilizing 
load-duration curve. More accurate calculations require determinations 
months, using monthly load-duration curves. 

The mere fact that system load can absorb the output hydro plant 
obviously does not, itself, prove the economy the hydro project. There 
are many factors that enter such equation—for example, the existence 
thermal capacity lesser efficiency with which carry peaks. However, 
almost truism that hydro has little, any, economic justification 
unless its output can substantially absorbed, because the unit investment 
hydro capacity runs relatively high, except very few exceptional cases. 
the other hand, hydro capacity, wisely employed, offers advantages 
addition those commonly reflected economic equations. Some 
these are: 


Hydro capacity may added the line quickly; fact, may 
floated the line synchronous condenser capacity, ready for instant use, 
but with little cost loss the turbine gates are tight. 

Under favorable conditions, energy may stored during one season for 
use another season; this storage often justifiable face risk wasting 
some energy over the spillway. 

Small hydroelectric projects, with relatively low load factor, often may 
utilized reducing peaks imposed the system local district loads 
(that is, geographical components system peaks) with attendant reduction 
losses, improved local voltage regulation, and perhaps yield some worth- 
while reserve capacity the locality. 


revealing example advantages and was the utilization Morris 
Sheppard power during World Although during 1944 when the hydro 
output was less than 12,000,000 kw-hr for the year the energy supplied the 
REA customers was greater than 12,000,000 kw-hr, the net was the 
red; yet Possum Kingdom Dam constituted valuable aid delivering power 
war industries the Dallas-Fort Worth area. 

Illustrating advantage during period when additional energy was 
stored for the Texas Power and Light Company the LCRA dams, the Texas 
Power and Light Company carried LCRA load night off-peak thermal 
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generation. The stored energy was used stretch the daily load factor 
hydro generation. There are many such devices that can resorted to, and 
should used, derive optimum results. 

The North Texas Interconnected System has thus far constituted, and 
most likely will constitute the future, the only economical vehicle for the 
marketing the hydro power this territory. 


SUMMARY 


Assuming that multiple-purpose dams are built for reclamation and 
flood control reasons (it being the public utility industry make the 
best possible use the power produced order the maximum 
feasible help flood control and irrigation, and make the burden the 
taxpayers light possible), there proved course follow which will 
realize the desired result harmony with established business procedure. 
Such course involves complete cooperation between the government bureaus 
that design and build the multiple-purpose dams, and the entire utility industry 
each area which the dams are located, that: 


The dams will designed with power output that fits with the power 
resources the area the very best advantage; 

The coordination extended include the existing transmission system, 
avoid all unnecessary and wasteful duplication facilities; 

rates for power and energy from multiple-purpose dams are equal 
less than the cost producing equivalent power and energy alternate 


available methods; 

The cost the taxpayer kept the lowest possible level; and 

The experienced selling organization the established utilities can 
market the additional power quickly the greatest possible number people. 


Coordination this manner will the maximum beneficial use 
power and energy from multiple-purpose dams, the maximum return the 
government its investment, the lowest possible cost the taxpayers, and 
the lowest rates the users electricity. addition, will benefit the 
causes reclamation and flood control. Obviously, duplication and wasteful 
expenditures for power facilities mean less money for flood control and recla- 
mation. Skill will needed for the proper application this solution the 
problem, but abundantly available the electric utility industry and the 
industry willing and anxious its part coordinating the output the 
multiple-purpose dams with the other power resources the United States. 
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INFLUENCE FEDERAL POWER COMMISSION 
DESIGN AND OPERATION 


The influence the Federal Power Commission the design and operation 
multiple-purpose reservoirs has probably been greater than the average 
engineer realizes. The Commission has broad responsibilities connection 
with the improvement those rivers under the jurisdiction the United 
States, particularly they relate hydroelectric projects. its work the 
Commission performs duties prescribed under the Federal Power Act with 
respect the licensing hydroelectric projects, and advises with other govern- 
ment agencies river basin improvement programs. The commission not 
engaged actual construction work; nor does operate any projects. 

All the reservoir projects that the War Department has studied con- 
structed since the passage the 1938 Flood Control Act, and about 350 
projects, with total 5,600,000 ultimate installed capacity, under 
license from the Commission since 1920 have been subject the advice and 
consultation, the approval, the Commission before final designs and plans 
operation have been adopted. 

aid understanding the influence the Federal Power Commission 
design and operation multiple-purpose reservoirs, will helpful 
review briefly little the history the legislation relating the conservation 
and development rivers the United States. 

The authority the United States deal with the development water 
power arises from the provisions the Constitution with respect interstate 
and foreign commerce and from its proprietary interest public lands and 
reservations. The Act June 1866, confirmed rights appropriation 
waters for mining and provided for further acquisition similar rights for 
“mining, agriculture, manufacturing and other Other acts modify- 
ing and amplifying the act 1866 followed and, result the initiation 
hydroelectric developments about 1890, the Act May 1896, was en- 
acted authorize the use government lands for the generation electric 
power. number subsequent acts amplified and supplemented the 1896 
act, include transmission lines among other matters. 

During this period several acts were adopted for the protection naviga- 
tion requiring certain permits obtained from the War Department 
with respect the erection structures in, over, navigable waters. 
result multiplicity acts, and the fact that new uses for water resources, 
such the development electric power, were becoming evident, attempts 
were made give expression the need for conserving water resources. 
Probably the first definite steps the general conservation water power 
resources were the reservation and the withdrawal from entry under the public 
land laws government lands considered have value for power purposes 
under the Act June 25, 1910. 


™“ Chf., Bureau of Power, Federal Power Comm., Washington, D. C. 
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The growing consideration the conservation water power resources 
and the unsatisfactory conditions with respect their protection and develop- 
ment under the then existing legislation kept the problem before Congress and 
resulted the River and Harbor Appropriation Act August This 
act particular interest that established for the first time commission 
with responsibilities for bringing into— 


cooperation and coordination the engineering, scientific and con- 
structive services, bureaus, boards that related studies, develop- 
ment control waterways with view uniting such services 
investigating with respect all watersheds the United States questions 
relating the development, improvement, regulation and control navi- 
gation part interstate and foreign commerce including therein the 
related questions irrigation, drainage, water storage, control floods, 
prevention soil erosion, and utilization water power.” 


Because the start World War 1917 that commission was never 
appointed. 

place the 1917 act, the Federal Water Power Act was enacted Con- 
gress June 10, 1920, “‘to create Federal Power Commission composed 
the Secretaries War, Interior and Agriculture.” 1930 the act was 
amended provide for the independent five-man commission generally 
known today. important provision the act 1920 and which related 
directly the subject this Symposium Section 10(a) which provides that 
all licenses issued should the following conditions: 


“(a) That the project adopted, including the maps, plans, and specifica- 
tions, shall such the judgment the Commission will best 
adapted comprehensive scheme improvement and utilization for 
the purposes navigation, water-power development, and other 
beneficial public uses, and necessary order secure such scheme the 
Commission shall have authority require the modification any project 
and the plans and specifications the project works before approval.” 


This section was amended 1935 include recreational purposes among 
“other beneficial public uses.” The Flood Control Act 1938 and the several 
flood control and river and harbor acts since that time require: 


that penstocks other similar facilities adapted possible 
future use the development hydroelectric power shall installed 
any dam herein authorized when approved the Secretary War upon the 
recommendation the Chief Engineers and the Federal Power Com- 
mission.’ 


abundantly clear that the purpose Congress that the water 
resources the United States conserved and that the development the 
rivers the nation shall include maximum provision for the use waters for 
the development hydroelectric power wherever feasible and consistent with 
other important uses. 

The policy the Federal Power Commission with respect these matter 
the policy Congress expressed its many acts, and all measures and 
actions taken the Commission with respect its duties and responsibilities 
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relating the rivers the United States are accordance with the statutory 
duties and responsibilities laid down these acts. 

Probably the best way illustrating the policy the Commission and its 
influence the design and the operation multiple-purpose reservoirs 
give few examples actual practice. 

example the work done with the War Department under the flood 
control and river and harbor acts, consider the Bull Shoals multiple-purpose 
project the White River Basin Arkansas. This project was included 
survey report the Corps Engineers transmitted the Commission for re- 
view and comments accordance with routine machinery which has been set 
between the Corps Engineers and the Commission. The project 
immediately downstream from the existing privately-owned Ozark Beach 
hydroelectric plant which forms reservoir known Lake Taneycomo. 
the survey report preliminary studies had placed the top the flood control 
pool the elevation the tailwater the Ozark Beach plant, and the maxi- 
mum power pool elevation lower which, course, resulted loss 
potential power head that amount. 

With view capturing all the head possible for development power 
the river this location, the Commission’s engineers determined that the 
dam should raised and the power pool placed about the elevation 
Ozark Beach tailwater, with maximum water surface, under conditions the 
reservoir design flood, about the elevation the spillway crest the Ozark 
Beach Dam. Storage capacity allocated flood control would not lessened. 
course, there would total loss head and power Ozark Beach under 
conditions extreme flood. This situation occurs, however, under present 
conditions maximum floods the dam relatively low. Also, Ozark 
Beach Bull Shoals, maximum heads would obtain the 
Bull Shoals power plant and generation there would more than sufficient 
compensate for the power lost Ozark Beach. 

raising the Bull Shoals Dam about ft, the maximum static head 
would increased about ft, the usable power storage increased about 
times, the minimum regulated flow nearly doubled, the primary continuous 
power nearly trebled, and the average annual generation about doubled. 
Such improvements the power this project were well worth the effort. 

These matters were discussed most thoroughly with the Corps Engineers, 
joint visits were made the site; full consideration was given the adverse 

effects from inundations; and costs, power markets, and power values were 
studied. After thorough investigation, the Corps Engineers adopted sub- 
stantially the suggestions the Commission’s staff, and greater benefits will 
obtained. 

Another example the influence the Commission illustrated the 
studies relating the development the Alabama-Coosa River. This 
stream flows from the headwater mountain streams northwestern Georgia 
south through the length the State Alabama Mobile Bay after has 
joined with the Tombigbee River few miles north Mobile. 

1941, the Chief Engineers requested the Commission’s comments 
comprehensive report the district and division engineers the Alabama- 
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Coosa River, which about twenty-five projects had been recommended for 
the control the river for the purposes navigation and development 
hydroelectric power. The plan development outlined the report included 
several small tributary reservoirs and complete chain dams the main 
stem the river from Rome, Ga., the mouth the Alabama River. Slack- 
water navigation was provided system locks proposed and 
existing dams, with power developed those dams which were sufficiently 
high warrant power installation. The generation power existing power 
projects the river averages about 2,000,000,000 kw-hr per yr, and the pros- 
pective development suggested the report would result the generation 
additional 1,000,000,000 kw-hr. 

response the request the Chief Engineers, the Commission 
June, 1941, forwarded the results preliminary study, the Commission 
staff, the proposed waterway project and suggested that the plan modified 
include fewer but higher navigation dams and rearrangements power 
installations. With these modifications and other changes effect the full co- 
ordinated operation the entire system projects, the Commission staff found 
that the additional generation the river could increased from 1,000,000,000 
kw-hr 2,000,000,000 kw-hr. 

The Chief Engineers stated his reply that the Board Engineers for 
Rivers and Harbors was substantially accord with the views the Com- 
mission and that revision the report appeared desirable. Additional studies 
were then undertaken the Corps Engineers, cooperation with the 
Commission’s engineers, resulting plans for the comprehensive development 
the river. addition other water use purposes, this development will 
make possible ultimate generation the river greatly excess even 
that indicated the preliminary studies the Commission. The authoriza- 
tion for the Alabama-Coosa development was included the 1945 river and 
harbor act which specific language envisages this greater generation power 
found feasible the later studies. 

part its duties the Commission required assure itself the 
safety and adequacy the dams, powerhouses, and appurtenant works which 
licenses. discharging these duties, the Commission frequently requires 
major structural revisions design. These revisions cover such items in- 
creasing spillway capacity, providing greater freeboard for wave action, pre- 
scribing different more complete foundation treatment, changes detail 
design items relating size and number reinforcing bars, strength con- 
crete, suitability aggregates, and many others. Sometimes the Commission 
finds higher dam and increased installed capacity are required 
that the project will best adapted comprehensive scheme development. 

example this phase the Commission’s work illustrated the 
Saluda Dam the South Carolina Electric and Gas Company, Federal Power 
Commission licensed project No. 516. This project located the Saluda 
River about miles above Columbia, C., and consists semihydraulic 
earth fill structure about 212 high and about 7,900 long, large reservoir, 
known Lake Murray, miles long with about 2,500,000 acre-ft storage 
capacity, and powerhouse with installed capacity 135,000 kw. 
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The Commission’s staff was one time concerned over the stability the 
dam and the adequacy the spillway. Passage the floods 1929 and 1936 
indicated inadequate spillway capacity. After the 1936 flood the downstream 
part the dam became saturated. The Commission, therefore, ordered that 
the operating level the reservoir lowered and required that settlement 
readings and water level records taken within the downstream face the 
dam and that corrective measures adopted assure the safety the dam. 

plan remedial action was agreed and approved the Commission 
providing for raising the dam restore design grade. Thus the spillway 
capacity was increased about 140%, and the stability the dam was im- 
proved flattening the downstream slope. Approximately 1,000,000 
earth fill and rock fill was placed the downstream face Asa 
result these improvements the licensee has been permitted increase the 
normal water surface elevation the reservoir from 355 360 ft. 

Another example found the Wilder Development, the Bellows Falls 
Power Company, the Connecticut River New Hampshire and Vermont, 
which was not constructed under license, but which was later brought under 
license. The project consists dam high, small pond, and two power- 
houses with turbine capacity 5,400 operating under head about ft. 
Studies made the staff the Commission indicated that the existing project 
did not make maximum use the project site. With increased capacity 
greater flow would available and higher dam would best adapted 
comprehensive plan for river development. Provision was made license 
issued April 22, 1944, for the redevelopment the project accordance with 
such plans would found the Commission conform best com- 
prehensive plan for improving and developing the Connecticut River, for the 
use and the benefit interstate commerce, for the improvement and the utiliza- 
tion water power development, and for other beneficial public uses, including 
recreational purposes. The licensee now (1949) redeveloping the project 
constructing new dam about three quarters mile downstream from 
existing Wilder Dam with the pond level about higher than present level 
and new powerhouse with installed capacity 33,000 operating under 
head about ft. 

1923, the Commission issued license for project the Ouachita 
River Arkansas the Arkansas Power and Light Company. The company’s 
plans were approved with the requirement pursuant Section the act 
with respect proper and comprehensive development reservoir sites for 
production hydroelectric power and other beneficial public uses, that further 
studies made for larger development permit full utilization the site 
and the water resources for power, navigation, and flood control. The Flood 
Control Act 1938 authorized the War Department participate 
amount not exceed $2,000,000 the construction multiple-purpose 
reservoir, the Blakely site, this participation was have been with the 
power company the interests navigation and flood control. However, 
the company’s plans for commencement construction were indefinite and 
the Flood Control Act 1944 authorized construction the entire project 
the Corps Engineers. 


‘ 
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summarize briefly, the Federal Power Commission’s influence the 
design and the operation multiple-purpose reservoirs results from its work 
the licensing hydroelectric projects and its studies river basins since 
1920 under the Federal Power Act, its duties under the flood control and river 
and harbor acts since 1938, and, more recently, its active participation the 
cooperative work done under the Federal Inter Agency Agreement procedure. 

The basic contributions the Commission have resulted making engineers 
realize that one project only unit whole series projects entire 
river basin; and that the operation multiple-purpose projects can 
arranged, after appropriate methods are included the design stage, increase 
greatly the power yields stream without any way impairing the use 
the stream for other primary purposes such irrigation, flood control, naviga- 
tion, and domestic uses. 
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THEIR RELATION FISH AND WILDLIFE 


RUDOLPH 


INTRODUCTION 


Until recently, few dams could claim have “multiple purposes” the 
present accepted meaning the term; that is, they were not designed make 
complete economic use every available unit water, fall, land. the 
past few years, great movement has begun develop practically every im- 
portant river basin the land, with emphasis flood control, irrigation, power, 
navigation, water supply, and silt control. Congress has recognized that the 
fish and wildlife resources affected the dams are worth millions dollars, 
and has strengthened the laws that give the Fish and Wildlife Service, 
Department the Interior, the responsibility for conserving these resources. 
This federal agency was formed 1940 consolidation the former bureaus 
Fisheries and Biological Survey, which had been established 1871 and 
1885, respectively. Under the new status, the service rapidly formulating 
policies and building the machinery necessary make them effective. 
the purpose this paper define these policies and explain their under- 
lying purposes. 


Basic PRINCIPLES 


The Fish and Wildlife Service assumes that full development multiple- 
purpose project can achieved only all its resources are taken into account 
the plans for development. Not only should plans devised preserve 
existing resources wherever possible, but every feasible procedure for in- 
creasing them should adopted. These public values will afford great 
benefits the people and proper use water essential their perpetuation. 

conservatively estimated that not less than 20,000,000 people the 
United States annually indulge the sports hunting and fishing, thus 
obtaining food and healthful recreation forests and fields, and lakes and 
streams. Each year these people spend about $2,000,000,000 for equipment, 
guide fees, transportation, and related items. Much this money goes into 
local communities and small industries. small part supports state and 
federal agencies charged with the responsibility for perpetuating the supply 
fish, birds, and game animals. The food value noncommercial fish and 
game annually taken exceeds $500,000,000. After World War hunting and 
fishing pressure immediately increased 30%. Statistics today indicate that 
there will not less than 40% increase hunting and fishing pressure, with 
the strong likelihood that the increase will 50% more. Viewing this 
situation from the economic side alone, hunting and fishing must classified 
big business. 

unfortunate that, the past, many reservoir projects have been 
planned, constructed, and operated without consideration the interests 
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fish and wildlife. permit the maximum development river basins, this 
policy being replaced more rational view all natural resources. Reser- 
should planned serve multiple purposes, including fish and wildlife. 
Such plans will involve, many cases, additional expenditures for structures 
and operation, but the investments will pay dividends throughout the life 
the projects. 


implement this more enlightened concept Congress enacted Public Law 
No. 732 (House Representatives Bill No. 6097), approved August 14, 
1946, amend the Act March 19, 1934, entitled, Act promote the 
conservation wildlife, fish and game, and for other purposes.” The new 
law referred the revised Its scope illustrated 
the following extracts: 


the waters any stream other body water are au- 
thorized impounded, diverted, otherwise controlled for any purpose 
whatever any department agency the United States, any 
private agency under Federal permit, such department agency 
first shall consult with the Fish and Wildlife Service and the head the 
agency exercising administration over the wildlife resources the State 
wherein the impoundment, diversion, other control facility con- 
structed with view preventing loss and damage wildlife resources, 
and the reports and recommendations the Secretary the Interior and 
the head the agency exercising administration over the wildlife re- 
sources the State shall made integral part any report 
submitted any agency the Federal Government responsible for engi- 
neering surveys and construction such projects. 

“The cost planning for and the construction installation and 
maintenance any such means and measures shall included and shall 
constitute integral part the costs such projects: the case 
construction Federal agency, that agency authorized transfer, 
out appropriations other funds made available for surveying, engi- 
neering, construction the Fish and Wildlife Service, such funds may 
necessary conduct the investigations required. 

the waters any stream other body water are im- 
pounded adequate provision consistent with the primary purposes 
such impoundment shall made for the use thereof, together 
with any areas land, interest therein, acquired administered con- 
nection therewith, for the conservation, maintenance, and management 
wildlife, resources thereof, and its habitat thereon. 


“The provisions this Act shall not apply the Tennessee Valley 


thorough study the “Coordination Act” all engineers who are 
interested multiple-purpose dams suggested. The foregoing quotations 
merely touch the highlights sufficiently indicate that the policies expressed 
this act give definite measure responsibility the Fish and Wildlife 
Service take part planning the multiple-purpose use 
reservoirs. Previous laws had such force, but the Flood Control Act 
1944 did enable the Service set special staff make studies of, and 
reports on, river basins. 
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River 


river basin study may involve surveys, investigations, and reports 
single reservoir, group projects, even all the projects coordinated 
plans for entire river basin. hoped that eventually every project 
may studied the light the effects the fish and wildlife entire 
river basin, well those the immediate locality, since single project 
near basin headwater may conceivably affect the entire valley down the 
mouth the main river. fulfilling the intent the Act,” 
study usually embraces the following procedure: 


through examination the project outlined the sponsor, gain 
complete understanding the engineering plans and proposed methods 
operation; 

biological field survey, including mapping vegetational types the 
affected areas, determine the present quantity fish and wildlife and their 
habitats; 

The collection and study all available fish and wildlife statistics ap- 
plicable the vicinity (in conjunction with state agencies) 

investigation the effect the project fish and wildlife after com- 
pletion (based largely knowledge the history other developments); 

estimation the present and future dollar value fish and wildlife 
the area, and determination the net value; 

The formulation suggestions for modifying plans and methods con- 
struction and operation which would prevent unnecessary losses and insure 
maximum gains fish and wildlife—the more common recommendations 
such reports being concerned with stabilization water levels, maintenance 
permanent pool, maintenance minimum flow below reservoir, fish protective 
devices, food and cover planting, wildlife management areas, and public 
access; and 

The preparation concise, understandable report which will embody 
all the foregoing steps. 


The most difficult part this program step the determination dollar 
values for fish and game. The need for such valuation becomes evident 
view the fact that the river developments planned the Corps Engineers 
and the Bureau Reclamation are measured terms money. These 
projects stand fall after having been measured this yardstick. Therefore, 
order that the findings the Fish and Wildlife Service may expressed 
terms understandable the sponsors the projects and the Congress 
the United States, the Service must also convert fish and wildlife values into 
monetary terms. 

Although the methods employed determine the money values fish and 
game, which seem basically sound, have been accepted widely conserva- 
tionists, the Service constantly seeking improvement. particular, assur- 
ance needed that adequate consideration given the esthetic values asso- 
ciated with these resources. All esthetic values cannot reduced dollars 
and cents, but their importance should not underestimated for “man does 
not live bread alone.” 
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Part ENGINEERS 


The hydraulic engineer has definite place the river basin studies or- 
ganization. This group does not presume pass judgment plans prepared 
the sponsor, but since the plans are couched engineering language they 
often require reduction terms and measures that the biologist cannot mistake. 
Therefore, effort made include every unit the organization 
engineer capable interpreting this language the biologist. The engineer 
also defines the limits the the Service affecting changes 
engineering plans with the view keeping them reasonable. fact, the 
Service developing new type technician, who might called “‘biological 
engineer,” with working knowledge biology grafted onto training 
hydraulics. 


ALTERATIONS DESIGN AND OPERATION 


Studies have indicated that both fish and wildlife are more likely 
affected the methods hydraulic operation than the type dam. 
There are occasions, however, when appears desirable make certain altera- 
tions additions the primary design. For instance, normal engineering 
plans may provide outlets only one level; but, because the tendency 
water stratify into layers different temperatures and chemical character- 
istics, there may distinct advantage drawing off water other levels 
during certain times the year. Obviously, such situation calls for the 
addition several outlets, various elevations between the bottom and the 
top the dam. 

Where the stream under investigation used great numbers migra- 
tory fish, such the salmon, the addition fishways over the dam may 
necessary, only thus can the fish make their periodic spawning migrations 
the headwaters. the other hand, the addition gate screens dam out- 
lets may desirable, prevent the downstream escape fish from the 
reservoir. 

Hydraulic operation dam may affect fish and wildlife favorably 
unfavorably, depending the resultant fluctuations the reservoir and 
the rivers downstream. The following examples will illustrate the point: 


The value reservoir for fish and wildlife depends largely the mode 
operation. deplorable that the needs irrigation, power, and flood 
control usually demand large fluctuations reservoir levels and discharges, 
such changes are commonly direct conflict with the needs fish and wildlife. 
Extreme rapid changes pool stages and stream discharges tend disturb 
biological conditions, and thereby impose severe limitations the productive 
capacity most aquatic animals. Uniform levels reservoirs are not ex- 
pected, but the Service frequently recommends that fluctuations limited 
during biologically critical periods, such during the spawning fish and the 
rapid growth plants. 

offset losses from widely fluctuating reservoir, the Service may recom- 
mend subimpoundments the shallow arms reservoir. These are parti- 
tions low dams constructed maintain controlled water levels. Such ponds 
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create valuable fish spawning areas, feeding grounds for waterfowl, and breeding 
places for muskrats and other fur animals. 

When water released the stream below manner calculated 
eliminate reduce flood peaks and provide steady minimum flow 
sufficient volume, reasonable expect increase fish and wildlife 
values. The complete cutting off flow, even for short periods, might 
disastrous, since the entire fish population would probably destroyed. 

Actual examples all the aforementioned conditions may found 
existing projects all over the Unites States. One great reservoir filled and 
practically emptied yearly, with the result that marginal mudbank formed 
mile more width, with practically plant growth, and the pool almost 
biological desert. contrast, there another large project where operation 
such minimize fluctuations pool levels. There the mudbank 
missing, the reservoir teeming with fish, and waterfowl are multiplying. 

Reservoirs that inundate wooded bottom lands destroy one the most 
valuable all habitats for wildlife and eliminate important areas for waterfowl 
and fur animals. addition, vital winter cover, which game wide area 
dependent, may destroyed. For example, proposed reservoirs the 
Missouri River, constructed, will extend almost the entire width South 
Dakota. They will cause the elimination winter cover essential for deer, 
and will cause substantial losses pheasant and sharp-tailed grouse production. 
attempt replace these losses cover, planting recommendations are 
made. hoped that these will least partly adequate. 

gathering data for river basin study involving multiple-purpose 
dam, among the most important items required the sponsor are operation 
graphs proposed pool and stream fluctuations. These graphs (which should 
cover many years available stream flow records will permit) are studied 
ascertain the probable future effect operation fish and wildlife. Where 
the effect deemed injurious, suggested changes operation are made re- 
duce the harm perhaps even bring benefits. The Service keenly aware, 
however, the fact that single change operating schedule may dis- 
locate entire program. Therefore, suggestions for changes are made with 
great caution and with the understanding that they may not adopted 
inconsistent with the primary purposes the project. 


The Fish and Wildlife Service convinced that the industrial development 
all river basins should realized, but not the exclusion, the expense, 
other aspects regional wealth. the plans for development too lightly 
consider the bountiful fish and wildlife resources found streams, valleys, 
hills, and plains, resources great economic importance and priceless esthetic 
value will lost forever. The Service optimistic its belief that, co- 
operation between governmental agencies, intelligent planning, and 
careful management, the present fish and wildlife resources can not only 
preserved large part, but many areas actually improved. 


: 
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PLANNING FOR THE RECREATIONAL USE 
RESERVOIRS 


CONRAD 


Since about 1946 there has been great outpouring literature regard 
the various proposals advanced for the control water resources the 
United States, particularly west the Mississippi River where the problem 
not only prevent floods and provide for navigation, but also conserve 
water for agriculture, power, and other uses. Periodicals—popular, profes- 
sional, and organizational—have carried articles dealing with one more 
phases the subject. Hundreds studies have been made interested 
agencies and many the results have been published. Cartoonists and cartog- 
raphers have found fertile field for their skills. Organizations have been 
formed put forward ideas behalf one proposal against another. All 
this serves demonstrate the interest, concern, the subject water 
conservation. 

The National Park Service, Department the Interior, shares both 
interest and concern—interest, because the inherent possibilities for the 
extension recreational opportunities, and concern because the possibilities 
injurious effects national state park areas. explain these attitudes, 
necessary outline some the background the Service regards pro- 
tecting such areas from abuse unwarranted intrusion, and fostering the 
provision opportunities for outdoor recreation natural surroundings. 
Under Congressional mandate, the National Park Service protects and ad- 
ministers the 168 areas the National Park System— 


conserve the scenery and the natural and historic objects 
and the wild life and provide for the enjoyment the same 
such manner and such means will leave them unimpaired for the 
enjoyment future generations.” 


evident from this definition that the Service would vitally concerned 
with any proposal which might result major changes to, the inundation 
of, the lakes streams national park since the natural conditions would 
seriously altered either case. The Service cannot tolerate such altera- 
tions. Furthermore, there are many scenic and recreational values that would 
adversely affected reservoir construction. The destruction scenic, 
scientific, and cultural features can serious import when balancing benefits 
gained against benefits lost. The same true the destruction fishing 
waters, fact which constantly being emphasized the Fish and Wildlife 
Service and the Izaak Walton League. 

The preservation historic and archeological sites and remains im- 
portant function the Service. assist discharging this responsibility, 
provisions the Historic Sites Act 1935 include authority make necessary 
surveys determine those prehistoric and historic resources which are entitled 
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federal, state, local protection. Since the routes travel and habitats 
man throughout the ages have been the river valleys, easy under- 
stand the urgency preserving salvaging any remains artifacts that may 
help interpret earlier American culture and that are danger being lost 
forever with the rise the reservoir waters. Therefore, historians and arche- 
ologists the National Park Service and archeologists the Smithsonian 
Institution under cooperative agreement are diligently studying the areas 
inundated attempt salvage valuable source material. 

Under authority the Park, Parkway, and Recreational Area Study Act 
1936, the National Park Service cooperates with other federal and state 
agencies solving park and recreation problems. This act made official 
relationship that had developed limited manner since the inception the 
National Park Service 1916. Its greatest impetus was gained with the crea- 
tion the Civilian Conservation Corps and the emergency relief program, 
when for the first time federal funds were made available assist the devel- 
opment state parks and related areas. The Service guided these programs, 
many instances aiding the establishment park systems where none existed 
before, and, pursuant the aforementioned act 1936, cooperated with 
forty six the states and the Territory Hawaii conducting state-wide 
recreation surveys. quite naturally follows that the Service considers that 
should alert assist averting, possible, any threat the park areas 
the states their political subdivisions which might arise from proposed 
inundations. 

The interest the National Park Service the field recreation, therefore, 
much broader than mere concern with the areas under its administration. 
reservoirs are brought into existence, some new recreational opportunities 
usually are created. public, increasingly vigilant for more opportunities 
use leisure time, demands that these areas put its disposal. Although 
not indispensable, bodies water greatly enhance and stimulate outdoor recrea- 
tion, particularly the more arid sections the United States, and this fact 
has been recognized the establishment the various state park systems. 
These systems, however, have seldom been developed the point where all 
recreational needs the region are met. Consequently, impounding water for 
other reasons usually necessitates studies the recreational potentialities 
the area involved and the requirements the population within reasonable 
travel distance. 

Recognition the recreational advantages gained incident reser- 
voir construction almost universally granted writers papers concerning 
the accelerated water control programs, and the Flood Control Act 1944 
specifically mentions authority for the provision recreation areas and facili- 
ties. Pursuant this act and under agreements with the Bureau Reclama- 
tion and the Corps Engineers, the National Park Service, using the powers 
granted the Park, Parkway, and Recreational Area Study Act 1936, 
investigates the recreational resources reservoir sites and makes recom- 
mendations for their protection, development, and use. Such activity 
initiated only the request the particular agency concerned. After 
necessary field studies have been made, report the agency compiled 
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which the Service identifies, appraises, and evaluates the scenic, scientific, 
historical, and archeological features and recreational potentialities, and recom- 
mends appropriate preservation and development. this report impor- 
tant note that existing and proposed recreational developments, plans, and 
programs other agencies and estimated recreational needs are taken into 
consideration. Basin-wide all recreational resources essen- 
tial that federal, state, and local agencies will work together achieving 
coordinated and integrated system areas, facilities, and programs. Only 
thus can wasteful and irrational overlapping avoided while, the same 
time, recreational opportunities are provided equitably possible for all 
the people the basin. 

After decided that proposed reservoir will offer needed advantages 
for recreation, the question immediately arises what agency should 
properly the one assume responsibility for operation the area and 
facilities when provided. This question settled the basis its compara- 
tive importance and the ability and willingness the appropriate agency 
agencies assume the obligation. some few cases, such the Boulder 
Canyon and Grand Coulee projects, where the recreational resources are 
more than regional significance, the National Park Service, request, 
undertaking administration the recreational aspects the areas under co- 
operative agreements with the agency having primary jurisdiction over the 
reservoir area. other cases, where reservoir developments may located 
partly entirely.on lands other federal agencies, these agencies might 
properly administer the areas. general, however, reservoir sites are largely 
state local interest, and responsibility for management recreational 
developments logically falls the appropriate state local agency. 
evident that, where only few picnic tables are indicated, for instance, the 
community which will use these facilities should expected take care 
them. area for which more ambitious program development planned 
and which presumably would draw visitors from various parts the state 
should maintained and operated funds derived from the state large. 
Where the dam site accessible automobile, there likely influx 
visitors drawn the location curiosity during the construction period 
and later interest operation, particularly where power generated. 
Provisions for the care and convenience such visitors should the responsi- 
bility the primary operating agency. 

the procedure involved the cooperative work river basin 
reation surveys, basic that agreements must consummated and funds 
provided. Except for the Missouri River Basin, funds are made available 
appropriation specifically for Basin The Missouri River 
Basin work, however, financed allotment from the Bureau Recla- 
mation from funds available for the purpose, part the departmental 
program for the basin. The National Park Service turn reallots funds 
the Smithsonian Institution for the conduct archeological investigations and 
preliminary archeological salvage under the terms interbureau agreement. 

With the necessary agreements executed and the equally important matter 
funds attended to, the Service ready begin the studies which lead con- 
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clusions and recommendations what recreational developments, any, 
are considered desirable. The field work directed from one the four 
regional offices maintained the Service. Whenever basin-wide survey 
cooperation with the Bureau Reclamation has been provided, staff set 
the regional office concerned, elsewhere, under the immediate direction 
chief that particular survey. Actual field studies are then initiated for 
designated reservoir sites according established priorities. After considering 
topography, natural advantages cover scenery, historical other scien- 
interests, population distribution, accessibility, and any existing pro- 
posed neighboring recreation areas, the various factors are weighed and 
determination reached whether the site under investigation has recrea- 
tional possibilities that warrant development and, so, what extent. 
preliminary report then submitted the Bureau Reclamation. Reservoir 
sites are similarly investigated request the district engineers the Corps 
Engineers; but, except for occasional consulting assistance plan prepara- 
tion, the resulting reconnaissance preliminary report all that expected 
the Service since planning personnel are available the district offices 
the Corps Engineers. 

Because the Bureau Reclamation has professional personnel plan 
for recreational developments, cooperative agreements are extended cover 
more comprehensive studies and the actual planning the recreational areas 
and attendant facilities. desired, the Service may also furnish technical 
advice and supervision during construction stages. may readily sus- 
pected, landscape architects, architects, engineers, historians, archeologists, 
foresters, biologists, and geologists must used explore all phases and 
plan for the complex developments necessary accommodate area in- 
tensive human use. Since the National Park Service has long been engaged 
similar related work, the organization such force requires only 
expansion personnel. The application long-familar principles then pro- 
duces the desired results. stated another paper this Symposium, the 
Fish and Wildlife Service the Department the Interior investigates 
the fish and wildlife aspects. 

Although the evaluation recreational benefits monetary terms 
difficult and unsatisfactory because such variables the intangibles involved 
and the lack data, the Service often called attempt such evaluations. 
This work undertaken reluctantly and with the full knowledge all concerned 
that the evaluations are only estimates. However, until more known about 
this subject, any estimates prepared will scrupulously conservative. These 
evaluations are required principally the Bureau Reclamation. The 
attitude the Corps Engineers less sanguine, evidenced from this 
quotation from Circular Letter No. 4231: 


“In many cases the most important benefits from the recreational use 
reservoir area cannot evaluated satisfactorily monetary basis, 
and not necessary most cases that monetary value determined. 
These important benefits should nevertheless fully described and dis- 
cussed the report. desirable, approximate partial monetary 
evaluation the recreational benefits may included means 
cate their 


I 
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The Missouri River Basin program further advanced this date (1949) 
than are similar programs for other river basins, and interesting note 
that coordination has been the keystone progress the work. The inter- 
relations the many responsibilities diverse agencies have been recognized 
the formation federal inter agency committees, both the field and 
Washington, C., and the establishment departmental field com- 
mittee for the Department the Interior. Thus, the duplication and 
the overlapping that might otherwise encountered are avoided, and, the 
same time, all phases the vast problem planning for the control the 
water resources great river basin receive attention. expected that 
programs for other river basins will coordinated similar manner. 

may fairly asked whether there any sound basis for assuming that 
the considerable expense involved the creation many new recreational 
facilities warranted. The answer may found several directions. 
Cooperative studies under the Park, Parkway and Recreational Area Study 
Act resulted completed reports thirty-seven states which the present 
situation and the deficiencies were described. became apparent immediately 
that there are large segments the population which either are not served 
any area within reasonable travel distance, are inadequately served. At- 
tendance records trends also give indications the need for expanded 
opportunities. The total attendance for the last prewar year state parks 
and related types recreational areas approximated 90,000,000. Estimates 
based the curve for preceding years indicate that provision adequate 
facilities and programs will attract attendance least 200,000,000 
1960. Present accommodations would fall far short meeting this demand. 
should also borne mind that the ardent fisherman certain wet his 
hook any body water that home fish. Many new reservoirs provide 
excellent fishing and therefore draw anglers from considerable distances well 
from the immediate vicinity. This interest dictates the provision facilities 
for boating, fishing supplies, and, many cases, overnight accommodations 
where fishing good regardless the possible proximity other recreation 

hint has been given the economic aspects park and outdoor recrea- 
tion. The subject could considered much greater length space were 
adequate. could shown that many and varied forms occupations and 
business enterprises are provided the use recreational facilities. Data 
could produced putting recreation the big business class with total annual 
expenditures running into billions dollars. not all absurd argue 
that outdoor recreation has economic influence the health-giving effect 
rest and relaxation—intangible, sure, but none the less real and im- 
portant. The National Park Service feels that has contribution make 
the economy the United States its participation the development 
new recreational areas where they are justified. 

social significance ‘attached the development and the use parks 
and related recreational areas. natural and desirable that citizens who 
are pent the cities and industrial centers should seek release and relaxation 
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the open air their holidays. The need for contact with nature strong 
within nearly everyone. Although perhaps subconscious, the feeling there, 
and its satisfaction important well-rounded, normal existence. The 
individual who craves hikes reveries solitude, the family that picnics 
the seashore the woods, the groups that hold reunions, and the great 
gatherings for patriotic celebrations various kinds pageantry—all gravitate 
naturally the open spaces called parks. The link with nature must 
established. assisting the development areas where activities this 
kind can indulged in, the National Park Service considers that exercising 
function the utmost importance. 
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HYDROMETEOROLOGICAL SERVICES 


The theme this brief paper could well be, eat your cake and have 
it, too.” The “multiple-purpose family,” made hydroelectric power, 
irrigation, municipal water supply, and navigation, was “getting along” most 
amicably until flood control came live with officially. Until then had 
been the common purpose maintain full reservoirs and hold withdrawals 
from storage business-like schedules. Furthermore, there had always been 
reasonable time for the adjustment control works the needs changing 
power load, retarded irrigated crop, deeper navigation waters were dis- 
closed these operations themselves. other words, the conservation 
stored water was the common interest all who were participating 
multiple-use project. However, flood control, demanding not full, but 
empty reservoir, has called for compromises which place the operator the 
requirement that “eat his cake” one minute and the next have it, 
wish had. 

Surface storage created and sustained the runoff from precipitation— 
the west, largely from the seasonally controlled melting snow deposited 
throughout the winter the higher elevations; the east, from storms con- 
fined relatively short periods practically continuous rainfall, the longest 
which usually lasts days does not take much imagination 
understand how easily optimum operating conditions could maintained 
the operator multiple-use reservoir had before him record the actual 
weather immediately ahead just has the weather which has just 
passed—in other words, perfect weather forecast. Such forecast would 
have the range necessary prepare for the beginning runoff producing rains, 
the ending the runoff period, the beginning and ending extended 
rainless period. Unhappily, the operator can provided with such com- 
plete previsional operating schedule. However, the question can still asked 
—have not the considerably less than perfect weather forecasts now available 
some operational value? The operator’s answer this question that 
has taken the fullest advantage the national weather services but has found 
that the forecasts available him are too short range, not sufficiently de- 
tailed time and place, and subject low verification un- 
trustworthy and even dangerously misleading. support his case the oper- 
ator points the fact that the Corps Engineers, the TVA, and the Bureau 
Reclamation have made extensive use the meteorologist, both the design 
and the operational phases multiple-purpose projects. Such claims are 
enough supported for the planning phase, these agencies have supplemented 
their design techniques with hydrometeorological studies which have con- 
tributed much structural security and program economy. However, when 
the comprehensive weather forecast (obviously the primary requisite success- 
ful multiple-purpose operations) needed, the tendency George (the 

1” Chf., Climatological and Hydrologic Services, U. S. Weather Bureau, Washington, D. C. 
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Weather Bureau) not the writer’s objective alibi for “George,” 
but rather call the engineer-operator’s attention responsibility that 
himself has not altogether met. 

The prevailing criticisms weather forecasts, they are issued the 
public, are that they are too generalized, that they lack detail and continuity, 
and, therefore, that they cannot used operational forecasts. Such faults, 
must agreed, have place multiple-purpose reservoir operations which 
are sensitive weather changes because they attempt one hand control 
the excesses weather and the same time offset the ill effects its defi- 
ciencies the other; but why has the engineer allowed the case rest here? 
Modern aviation, whose entire operation rests weather forecasts, did not 
allow the technical limitations applied science, the service deficiencies 
old-line federal agency, less than perfect use weather forecasting 
prevent accomplishment which engineers having the responsibility for river 
control can scrutinize with profit. 

Weather forecasts the United States are based some 700 synoptic 
observations—the term indicating that these observations, being 
taken the same time, give picture weather conditions the mo- 
Having been plotted and analyzed, the observations serve the basis 
for wide variety forecasts, the most immediate being the operational fore- 
for aviation all types—commercial, military, and private. First, there 
are the short-range trip and terminal forecasts which, hit miss verifica- 
tion, score more than 90%. Next, are the airway regional forecasts used for 
flight planning far ahead hours hours. These forecasts are trans- 
lated into operational terms the air line meteorologists and dispatchers; and, 
from them, estimates arrival and departure times, pay load, flight levels, 
icing, and other operational hazards are determined. The operational forecasts 
for aviation are supplemented state and local forecasts covering range 
from hours hours. These forecasts, which are designed serve 
the needs the general public, are accurate from 65% 85% the cases, 
depending the range. 5-day forecast issued guidance forecast and 
for the assistance those interests whose operations can benefited even 
though verification for the fifth day shows little skill—that is, little improve- 
ment over the probabilities that can derived from the statistical use 
climatological data. 

The forecasts discussed thus far have been based current reports 
meteorological conditions. Multiple-purpose operations the west are served 
directly the water supply forecasts the Weather Bureau which are 
synoptic the sense that they are based observed conditions, even though 
the time interval The forecasts begin January when about 
half the data used the computations observed and half statistical. 
Forecasts are then issued the first each succeeding month, through 
May, progressively substituting observed data for the statistical which time 
practically all data are observed. Water supply forecasts are issued for about 
270 points the Columbia, Missouri, Colorado, Sacramento, Great Basin, 
Platte, and Rio Grande basins. 
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The writer has discussed the “‘synoptic forecasts” applicable weather 
immediately ahead. Despite their limitations, these forecasts must used 
the basis for any operation demanding quick adjustment controls designed 
maintain the highest reservoir levels commensurate with the storage flood 
runoff when such occurs. Another kind forecast the 
That little use has been made the statistical forecast basis for planning 
and base which superimpose the short-range synoptic forecast 
attested the fact that the climatological data necessary for the development 
such techniques now lie dormant and practically unused the repositories 
the Weather Bureau. The explanation simple. Throughout the 50-odd- 
year period record more than one billion items climatological data have 
accumulated. Such mass material, its present unorganized state, defies 
processing and analysis manual procedures. Long since have the average 
so-called values published the Weather Bureau demonstrated 
their inadequacy and inapplicability the present-day statistical problem. 
Only now (1948) have funds been provided for the Weather Bureau place 
the currently collected data punched cards, operation which being 
carried out seven weather records processing centers throughout the United 
States. Even then, will long time before the huge backlog data has 
been reduced decks punched cards available for summarization, analysis, 
and application the solution engineering problems. 

The larger engineering organizations responsible for operating control works 
which must serve both for regulating floods and for utilizing water have recog- 
nized the weather forecast essential operational need but, the writer’s 
opinion, are limiting themselves too restrictedly those forecasts that can 
provided the Weather Bureau. The business taking observations and 
preparing the resulting data for analysis and the issuance weather advices 
the public are basic functions the Weather Bureau. However, demon- 
strated aviation, the beneficiary specialized and detailed operational 
forecast must prepared accept the cost would any other item 
operational expense. The course followed not one duplicating the 
services the Weather Bureau but supporting operational with 
meteorological and developing techniques which will express 
the forecasts operational terms. Just cooperative hydrometeorological 
studies the Corps Engineers, Bureau Reclamation, and Weather Bureau 
have provided design criteria could the same cooperative effort provide the 
tools needed the weather forecaster make successful forecasts for reservoir 
operation, 
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STATE AND FEDERAL GOVERNMENT 
PARTICIPATION 


Don 


This paper presents some rather important aspects the relations between 
the federal government and the respective state governments they pertain 
the question multiple-purpose water resource development—one the 
broadest the several fields joint federal-state interest. fact, would 
difficult name another that has more direct bearing the 
welfare and the security many individuals. recent years this relation- 
ship has been the topic considerable controversy and discussion which prob- 
ably will grow tempo federal water control and development projects 
become increasingly more important changing and shaping the economy and 
the national security. This matter particular concern the engineering 
profession. 

The types activities concerned with the physical control and utilization 
water include irrigation, navigation, flood control, hydroelectric power, fish 
and wildlife protection, drainage, recreation, municipal water, sewage and 
industrial waste disposal, pollution control, and sediment control. These 
activities are highly important the people all the states, and are generally 
vital economic significance throughout the seventeen western states. The 
federal government has moved into these fields with great vigor recent 
years and has embarked wide-scale programs planning and construction, 
principally under the Corps Engineers and the Bureau Reclamation. 
Some the state governments feel that the federal government has encroached 
too much state jurisdictions, “State rights,” carrying these programs. 
They feel that the federal agencies executing the programs are attempting 
dictate the states the kind, the extent, and the programming devel- 
opments, regardless state local views. 

Such situation will surely affect all resource programs adversely. 
there any field endeavor which there should complete understanding 
and agreement and effective cooperation between the state and federal govern- 
ments, the use, control, and development water resources. Both 
state and federal governments, the interest the economic welfare and the 
security the nation, have vital stake this undertaking. 

The United States present period postwar transition during 
which the economic and political structure undergoing some drastic changes 
born conditions that grew out of, were accelerated by, World 
use cliché that expresses the situation quite well, the nation “at the cross- 
roads.” This good time examine clearly the past, present, and future 
that structure. Engineers should understand the “whys” that they may 
better and quicker job defining and attaining their goals resource 
conservation and development. They must realistic and must deal in- 
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telligently and opportunely with water resource problems. Throughout the 
United States, citizens cannot continue suffer huge human and economic 
losses from floods; and the western states have reached point which present 
stability and future growth will measured the expansion irrigation and 
hydroelectric power, regardless what agency does the job. These facts need 
faced now, and workable solutions found. The federal-state relationship 
particularly need clarification. the early part the twentieth 
century, there was little question about state responsibility for water resource 
development. The United States stayed quite closely fields undisputed 
federal jurisdiction, such navigation and the reclamation public lands. 

The nation was growing fast and the economy was expanding without much 
thought centralized planning for irrigation, power development, flood con- 
trol, and other water resources, for the other elements national economy. 
Things just seemed grow their own accord, and the few who raised warning 
voices that the nation was heading into trouble because unplanned develop- 
ment and use resources were either ignored, defeated, shouted down 
malcontents and radicals not worthy audience serious men. 

Projects sprang wherever few people got together and formed irrigation 
districts, wherever few communities brought out some concrete proposal 
for flood protection. Few people gave much thought the day, now here, 
when “the cream would skimmed off” potential irrigation developments 
and when careful engineering and economic planning water uses would 
necessary. Soil and forest depletion, the devastation the grazing lands, and 
other conservation problems were matters for interesting discussions and heated 
arguments, but little was done about them. Urban and rural sections suffered 
recurring floods. People scooped the mud out their homes and shops, 
cursed the river, said “somebody ought something about it,” but never 
quite got around the point getting the job started. Farmers suffered 
recurring droughts and economic ruin while the precious water they needed 
flowed down the river systems and wasted into the seas, incidentally carrying 
good measure soil with it. 

During all this time, the states had opportunity and incentive move 
into the field intelligent planning and development water resources but 
very little was done. true that some the states did make attempts 
that direction, but their efforts did not produce the results demanded the 
situation. 

1917, Congress passed the Newlands Act, which provided for coordinated 
state-federal planning water resource development, with full provision for 
preserving the rights and jurisdictions state and local governments. This 
law was repealed 1919 result the activities myopic individuals who 
failed comprehend, chose ignore, the conditions looming the horizon 
that eventually led federal action. 

The writer does not seek condemn reprimand the states, and 
dislikes very much point this situation with critical finger; but high 
time that little soul searching was done regard this topic. Engineers 
must look technicians, and without the emotional responses that some- 
times handicap scientific approach political and social questions. 
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retrospect, one can see that the nation has allowed critical water re- 
source situation grow, which cried louder and louder for sound public leader- 
ship and planning. What was needed the semiarid and arid west was 
patently sound inventory potential water resources, realistic appraisal 
water needs, current and long time, looking toward ultimate full develop- 
ment, and programming work that would enable development keep step 
with needs. Unquestionably federal aid and participation such under- 
taking would have been necessary, but the basic and the re- 
sponsibility for taking the initiative planning and programming, and for 
high degree control over the entire undertaking, rested with the states. 
not necessary discuss why the states failed meet this challenge with 
the speed and vigor demanded. 

When the crisis precipitated the economic depression the 
brought about public examination the entire economic and political life 
the nation, the federal government moved into the province planning 
resource development and conservation where the failure state action had 
created vacuum. The National Resources Planning Board and other federal 
agencies attacked the problem engineering basis, inventory 
what there was, computation what was needed, over-all plan action, 
and program necessary steps. 

How the federal government launched expanded program for recla- 
mation, flood control, improvement rivers and harbors, soil conservation, 
and other resource measures well-known story. The United States 
Supreme Court smoothed out the legal way with decisions, the New River 
and Red River cases, that recognized the theory navigability and federal 
jurisdiction over streams from source mouth. Then came legislation 1933 
establishing the TVA. This new system resource development plagues 
many today view its impact what are considered the time-honored 
fundamentals government. 

The threat change procedures has made this nation great; hangs 
over all heads like the “Sword Damocles,” and greatly disturbs many. The 
threat can removed methods are devised for implementing river resource 
development within traditional democratic principles and practices govern- 
ment, using traditional government administrative agencies. Excellent prog- 
ress has been made demonstrating that the job can done without resorting 
the valley authority system, and the risk implied; but there much room for 
improvement. 

Today, there considerable confusion, hesitation, and much downright 
squabbling over the further development water resources. The planner 
confronted with conflicting laws bearing the matter, with differences 
opinion the hydroelectric power aspect the irrigation and the flood 
control programs, with the need comprehensive national water develop- 
ment policy that would keep planning agencies step and help them reach 
their goals, and with the failure too many states meet their responsibilities. 
Out this confusion stronger and stronger sentiment growing this 
situation. Without positive action there are better and better prospects that 
the public, some time erisis, may call for and obtain full-fledged valley 
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authority system administering developments. There manifestation 
this confusion and disorganization the Eightieth Congress the several 
bills seeking adjust the development hydroelectric power working and 
paying side partner irrigation development and aid economic 
justification flood control projects. the matter not straightened out 
fairly quickly good bet that valley authorities will become accepted 

Two the most important subjects that need clarification are the 
federal-state relationship and state should ap- 
proach this problem with the realization that the federal government the 
water resource development business stay. Their task, then, build 
the best possible cooperation and coordination between the federal and the 
state and local governments. The prospects for success this connection, 
and for beneficial effect resource development, are bright. 

The writer prefers, cornerstone, Section the Reclamation Act 
1902, which states, part: nothing this Act [is] intended 
interfere with the laws any State relating the control, appropriation, use 

Even moved broadly into the field resource development and con- 
servation coincident with the depression the 1930’s, the federal government 
recognized State rights and provided for state The National 
Resources Board urged the states establish permanent state planning boards 
and develop, promptly possible, adequate state planning programs. 
Continued cooperation with, and encouragement of, state and local planning 
work and assistance handling interstate and regional problems were urged 
the federal government the board. 

few the states responded establishing engineering planning organiza- 
tions and forming programs for making effective use federal aid, but most 
them did not. result, the river resource programs developed were 
largely the result thinking and planning federal agencies, with minimum 
influence from state agencies. well remember that the first flood 
control act (1936) required states secure right way, and maintain and 
operate flood control reservoirs. The act was amended 1938, without 
opposition from the states, make all these functions the responsibility the 
federal government. The states apparently were not willing accept re- 
sponsibility and bear the financial obligation that the 1936 act imposed 
upon them. 

The 1944 flood control act federal law which puts squarely the 
state governments discharge their responsibility for participating the 
planning river basin developments. That act contains outright declara- 
tion Congressional policy— 


recognize the interests and rights the States determining 
the development the watershed within their borders and likewise their 
interests and rights water utilization and control, *.” 


The law requires that the Corps Engineers and the Bureau Reclamation 
give the interested states full access data gathered during the course the 
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resource development investigations. requires that the states given 
opportunity for consultation regarding federal plans and proposals and, the 
extent deemed practicable, opportunity cooperate the investigations. 
requires similar degree cooperation between the two federal agencies 
with respect the investigations that each conducts. 

The law requires that the originating federal agency submit copy its 
proposed report each the affected states before submitting Congress, 
well the other federal agency. provides that the states and the 
other federal agency shall send comments the report the originating 
agency, and that the latter shall forward the report and all comments 
Congress, along with the comments the originating agency. 

The federal agencies interested water, and related resource development, 
review and coordinate their programs through federal inter agency river basin 
committee. provide for even closer cooperation the localities where 
problems arise, subordinate local inter agency committees have been established 
for the Missouri and Columbia river basins, with provision for representation 
the state governments. 

recent survey conducted the writer indicates that very few the 
western states are taking any appreciable advantage the opportunity afforded 
them this law for vigorous participation the planning and the program- 
ming resource developments. Many the states, for lack funds and 
personnel, are not position make thorough reviews federal reports. 
other cases, the states are thorough their investigations and reports 
that the result almost the equivalent sending two different reports 
Congress the same subject. 

Some the states have procedures for holding hearings for the purpose 
ascertaining the views the people directly affected, important guide 
state review federal plans; but most them not provide their people 
with this kind service. discharge its obligation fully, each state should 
take inventory its water resources, establish definite goals for their devel- 
opment, establish procedures for ascertaining public views federal projects, 
set and use effective engineering machinery gear federal programs 
state needs, and all this economically. Cooperation this type the 
inception planning would highly beneficial and earnestly desired and 
provided for under federal law and procedures. 

Hobson, director the Armour Research Foundation, Chicago, 
address has stated: 


“Government servant the people and therefore should told 
what its role be. not tell the people. for the 
people decide how Government can best serve them.” 


This fine expression sound government policy; but, when the people 
stand mute, the government can expected move ahead without the benefit 
their expressions. Progress cannot held back the development 
river basin resources. other words, long the states fail undertake 
program vigorous and effective cooperation and participation resource 
development, the federal government will maintain the initiative and anticipate 
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minimum state influence. Without clear-cut definitions goals and ex- 
pressions public views and needs, and without strong state leadership along 
sound engineering lines, there will areas friction federal-state relations, 
rather than smooth coordination. 

The location, design, operation, and purposes reservoirs present problems 
that should not too difficult solve the satisfaction all requirements— 
local, state, and federal—if the states give appropriate engineering attention 
federal proposals and are willing approach the matter the old-fashioned 
spirit the greatest good for the greatest number people. 

With the passing time, multiple-purpose projects will become more and 
more complex, and planning agencies will faced with more complications 
from the standpoints design and operation than heretofore. Therefore, 
such projects must scrutinized very carefully produce sound economic 
and beneficial use. 

From the standpoint the state engineer, certain principles should 
basic the design multiple-purpose projects. the costs the project 
are repaid from earnings, particularly necessary check proposed 
plans carefully the interest preserving the most stringent economy. 
There may tendency overdesign structures the project entirely 
heavily nonreimbursable, and sound policy requires that all care 
used ascertain economies that might effected without impairment 
risk. careful study may show that stand the property losses from flood 
stage that might reached once twice century would much cheaper 
than design structure for such unusual occurrence. Such matters 
spillway designs, destruction agricultural values the inundation lands 
the reservoir area compared with the creation agricultural values below 
the reservoir, and the effect such changes land values local govern- 
ment subdivisions are some the problems that affect the state engineer’s 
viewpoint. 

response inquiries from the seventeen western state engineers 
the principles design and operation multiple-purpose projects, the 
following seem predominate: 


Multiple-purpose operation reservoirs should not attempted unless 
conditions are favorable; 

Operation should planned result the optimum benefit being 
derived even operation for one use may detrimental another; 

Reservoirs should not operated produce benefit that benefit 

ean obtained lesser cost some other procedure; 

Separate allocation storage capacity for each use essential; and 

Preference use should the controlling feature design and operation 
any reservoir. 


The need for comprehensive national policy crystal clear. The federal 
government, the outset, was concerned solely with navigation. The close 
connection between that function and flood control led the federal government 
into the latter field. Reservoirs built for reclamation were suitable for irriga- 
tion, hydroelectric power, and other uses. new situations were encountered, 
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including drainage, abatement, sediment and debris control, soil con- 
servation and erosion control, water supply, recreation, and fish and wildlife 
conservation, the government was led inevitably into participation the entire 
field water resource development. 

Governmental entry into these fields was usually marked act 
Congress, establishing the government’s policy meet the particular need 
question. this manner, the national water policies and activities have been 
developed piecemeal and have lacked careful coordination and codification 
into integrated instrument. result national policies are frequently 
inconsistent and conflicting, jurisdications overlap, and gaps occur the over- 
all policy structure. Leaders water resource development have long felt the 
need consistent naticnal water policy which will result full economic 
development the interest stable growth the region, state, and nation. 

The Subcommittee Appropriations for the Department the 
Interior, reporting the appropriations bill, cited the need for national 
public power policy, follows: 


“At present the Appropriations Committee has consider requests 
from various Government departments for funds for the production and 
distribution power and each department and agency has different plan 
system from the others. The issues involve the type transmission 
systems, priorities customers, interest charges, and rate structures; 
therefore, the opinion the committee sound uniform and coordinated 
power policy should written into law guide the Congress and its com- 
mittees making appropriations and authorizations for projects which 
contain hydro-electric power incidental water resource development. 
the power aid the projects, must marketed assure economic 
stability the project. 

“The desirability over-all policy clear. This legislative 
matter, however, beyond the jurisdiction this committee, but agrees 
that there should such legislation, particularly with respect both the 
application the interest component and the public power policy, and 
the opinion the committee this should the subject immediate 
legislative action.” 


The controversy over the development hydroelectric power has injected 
much confusion into the water resource development picture. Everyone must 
realize that hydroelectric power essential and inseparable part any water 
resource development. the nation forward with large-scale irrigation 
and related resource developments, must depend upon the widespread sale 
hydroelectric energy made federal dams and, where necessary, carried 
federal transmission lines points wholesale delivery. This procedure 
necessary defray project costs. Power needed build the industrial 
economy that must hand-in-hand with western agricultural growth. 
lightens the burdens rural life and will brighten many western home. 

The 1944 flood control act was step the right direction,” containing 
provisions dealing with hydroelectric power, irrigation, priority water use, 
water supply, and recreation. Much more remains done, however, and 
should done expeditiously unite all interested agencies common, 
coordinated effort. 
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Briefly, summarize all the foregoing: 


Instead holding back obstructing federal programs, the states 
should strive together and separately improve the coordination and the 
effectiveness federal work. 

The states should exercise fully their responsibility for participation 
the inception projects, and for adequate engineering reviews and public ex- 
pressions the interests promoting economy and adaptability state and 
local needs. 

The states should cooperate the establishment federal water 
policy that would define the rules the game that all agencies can work 
together more effectively. 

Continuance the present high degree indifference, and failure 
come forward and exercise the responsibility attending State rights, risk 
perpetuating and increasing the present state confusion. This result 
certainly would promote the germination the already planted seeds from 
which valley authorities might some day grow. 


his rather frank criticisms the states, the writer’s hope that 
has not minimized the fact, nor left the false impression, that the federal 
agencies interested the development national resources have lesser 
responsibility than the states. 
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SUMMARY AND REVIEW PRINCIPLES 


This Symposium contains thirteen papers the subject multiple- 
purpose reservoirs. Some them review the development the principles 
governing designs; some illustrate the application such principles actual 
operating practice; and others, authors who influence the design and the 
operation such reservoirs, explain functions and viewpoints. 

this final paper seems appropriate call attention certain diver- 
gence views expressed the papers and emphasize some the basic 
factors that should considered the design and the operation 
purpose reservoirs. should understood that any opinions expressed are 
those the writer and are not necessarily endorsed the Joint Committee 
Design and Operation Multiple-Purpose Reservoirs such. 


DEFINITION RESERVOIRS 


the made behalf the committee, was stated that: 


the term ‘multiple-purpose reservoirs’ should include all reser- 
voirs actually designed and operated serve more than one function and 
that should exclude those whose design and operation are controlled 
single function, even though other benefits accrue 


would appear that those authors representing the various federal agencies 
consider that this definition too restrictive and that every reservoir serves, 
least should serve, more than one purpose. corollary this proposi- 
tion, would follow that indirect benefits will result from the operation any 
reservoir and that these benefits may used offset the costs construction. 


REQUIREMENTS 


When the concept designing reservoir for more than single purpose 
first became popular, the problem was only one reconciliation between the 
regulation stream flows over short period for flood control and the regula- 
tion over extended periods for irrigation, power production, navigation. 
recent years, however, fish and wildlife protection and propagation, recrea- 
tional uses reservoirs, and other fynctions have come influence, materially, 
the design and the operation multiple-purpose reservoirs. 

The requirements reservoir operation satisfy these several uses are 
fundamentally conflicting; thus: 


(a) Regulation for flood control best accomplished when reservoirs are 
kept empty anticipation floods and are evacuated rapidly thereafter 
circumstances permit. 

Conservation for irrigation domestic use requires that floodwaters 
held storage, sometimes over period years the semiarid west, that 
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the release water conformity with seasonal demands, and that times 
all water withdrawn for use. 

Regulation stream flows for the production hydroelectric power 
requires that reservoirs kept nearly full practicable, that they never 
emptied, and that the release water made accordance with demands 
for power and energy. 

(d) Maintenance stable reservoir level most favorable fish and 
wildlife protection and propagation and event may such reservoir 
emptied. 

(e) Recreational purposes are best served when reservoir kept full, 
simulating conditions natural lakes. 


There less conflict between irrigation and power than between either 
these and flood control, that conservation floods and regulation releases 
over extended periods time are essential both. However, except limited 
areas where the power load happens conform irrigation demands, reregula- 
tion water released for power production necessary, cited Mr. 
Nelson his description Elephant Butte and Caballo reservoirs the Rio 
Grande. Without Caballo Reservoir below it, Elephant Butte Reservoir 
could operated only satisfy irrigation needs and power would have been 


but by-product; but, with power releases reregulated storage Caballo 


Reservoir, firm power can produced. this case took the coordination 
operation two reservoirs constitute multiple-purpose project. 
general, would appear that, where the requirements irrigation and power 
must both met, series reservoirs needed and that single reservoir can 
serve these multiple purposes without waste water. Such waste cannot 
permitted where agriculture dependent irrigation. 

Coordination the requirements for fish and wildlife propagation and for 
recreational uses reservoirs with the requirements for either flood control 
irrigation almost impracticable. The fluctuations stage characteristics 
reservoirs operated for such purposes make them unsuitable for recreational 
use and fish can protected only minimum pool maintained. Flood 
control reservoirs are particularly subject rapid changes level; irrigation 
reservoirs must emptied all water whenever needed for delivery 
farms. 

Obviously, the conflicting requirements flood control and irrigation, 
flood control and power production, could avoided pyramiding capacities. 
For example, 1,000,000 acre-ft storage was deemed necessary for conserva- 
tion and 500,000 acre-ft was needed for flood control, reservoir 1,500,000 
acre-ft could built and the component parts could operated effect 
separate reservoirs. 

Such superimposition capacities would not inconsistent with the 
philosophies the Corps Engineers; the other hand, would contrary 
the principles advanced other federal agencies who hold that dual use 
reservoir capacity practicable and economically desirable. Various 
were given the feasibility using flood control storage for 
seasonal regulation stream flows conform the requirements irrigation, 
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hydroelectric power, navigation. this connection was shown Mr. 
Bernard that wealth data has been accumulated from which 
could made. 

Economic 


the design any reservoir, therefore, which intended serve more 
than one purpose, such conflicting requirements must compromised, unless 
there pyramiding capacities and costs. such compromise 
conflicting requirements can made intelligently without consideration the 
relative values involved. Hence, the design multiple-purpose reservoir 
fundamentally problem. 

Although little was mentioned about costs and benefits the authors 
representing the various federal agencies which construct such reservoirs, 
matter common knowledge that there little agreement among them 
the basis determining benefits. Some people government service believe 
that any expenditure taxes justified does not exceed the total all 
benefits deemed flow from that expenditure. Others private industry 
maintain that the economic system depends rigid application the rule 
that every investment should earn rate return commensurate with the 
risk involved. Reconciliation these opposing philosophies just impor- 
tant compromise the conflicting requirements operation 
purpose reservoirs. 

The rule private industry must remain applicable the 
private capital because such investments are dependent direct benefits only. 
the other hand, governments can afford make greater capital expendi- 
tures because the indirect benefits accruing the taxpaying public; but there 
reason question expenditures beyond the point where the incremental cost 
exceeds the incremental benefit. 

Benefits arising from the construction any multiple-purpose project ap- 
proach upper limit the capacity provided the reservoir increased. 
Costs construction, the other hand, normally include some substantially 
fixed items and become tremendous whenever the size the reservoir exceeds 
the limitations the site. typical curves are plotted showing the relations 
between benefits and reservoir capacity and between costs and reservoir 
capacity, will found that these curves intersect two points; below some 
small capacity the costs will exceed the benefits and beyond some much greater 
capacity the benefits again become less than the costs. Between these limiting 
amounts there are two values particular significance: 


(1) The reservoir capacity which the ratio benefits cost maxi- 
mum; and 

(2) The capacity which the difference between benefits and costs 
maximum. 


Referring Fig. 15, will found that, for any reservoir capacity be- 
tween 0.3 unit and 8.3 units, the benefits (curve exceed the costs (curve 2). 
The maximum dollar difference between benefits and costs oceurs for reser- 
voir 3.3 units sise, which 40% the upper limit where the costs become 
great the benefits; the maximum ratio benefits costs (curve Fig. 15) 
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for reservoir 1.9 units capacity, which only the same 
upper limit. 

The lower limit which costs exceed benefits little practical signifi- 
cance but reservoir capacities corresponding the other three values deter- 
mined this illustration must 
given consideration the design 


any multiple-purpose reservoir. 
There usually ample justification 
for providing storage capacity 
the quantity which the ratio 
and reasonable justification for in- 
creasing the capacity beyond this 
size the point where the 


difference between benefits and 
costs There would 
seem little justification, how- 
ever, for providing any reservoir 
capacity excess that required 


(1) Benefits 


Units of Costs and Benefits 


produce the maximum difference 
between benefits and costs (curve 
Fig. 15), because beyond that 


point takes more than dollar 


taxes derive another dollar 

benefits. 
any such comparison 

and benefits multiple-purpose 

reservoirs, the benefits deemed 

: 1g. 15.—RELATION BetweEN AND 

tangible as the costs themselves. Costs or Mu.tiPLe-Purposs RESERVOIRS 

When dam built, capital 


then invested and immaterial whether such capital obtained directly 
from the public the sale securities whether obtained indirectly 
from the public the levy taxes; either case real dollars must used. 
follows that, such benefits are outweigh the costs, these benefits must 
have substance. Furthermore, whenever those who benefit directly from 
multiple-purpose reservoir not bear its cost and the project must sub- 
sidized the public large, consideration should also given competitive 
benefits—that is, benefits that would derived from the expenditure 
equal sums for other purposes other locations. 


Units of Reservoir ae 


SUMMARY 


would seem evident, all secondary uses and by-products 
multiple-purpose reservoir are considered its design, that: 


The conflicting requirements all possible uses the reservoir must 
compromised; 
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Compromise such conflicting requirements will depend evaluation 
each direct and indirect benefit that will actually realised the operation 
the reservoir; 

The sum all such benefits must substantially more than the costs 
construction and operation; and 

Due consideration must given the competitive benefits which would 
accrue from like expenditures other locations for other purposes. 


brief, the design any multiple-purpose reservoir basically eco- 
nomic problem. The solution such problem the best interests the 
nation requires that the present confusion philosophies and practices 
resolved, and that rational, uniform, and sound economic principles estab- 
lished for the design and the operation multiple-purpose reservoirs. 


| 


HILTON RESERVOIRS 893 


DISCUSSION 


Herman ASCE.—In those parts the world where data 
are available (referring such items precipitation, evaporation, size 
basin, and runoff factors), the planning and design multiple-purpose reser- 
voirs can based rather exact engineering principles and methods. Where 
insufficient data exist (for example, where periods are too short permit 
reliable conclusions), the problem becomes much more complicated. other 
very erratic conditions prevail, such frequent change watercourses, 
extensive disintegration rock and soil, and enormous sedimentation, and 
general difficulties must considered, such the lack skilled and ordinary 
labor, equipment, and funds, then the problem becomes really grave and even 
experiences elsewhere, and detailed reports, will only limited assistance. 
This exactly the situation many South American Andean countries, where 
the questions flood control and protection, irrigation, power, and drinking 
water supply are the utmost importance. The writer has described these 
conditions briefly 

such cases, the well-known, and engineering methods 
planning and design are not sufficient, the necessary basic information 
not hand, only partly so. The problems must solved, however, and 
the engineers concerned with them found ways, apparently with success 
far the results show. The writer knows case which pluviometric 
data were compiled procedure based the theory similitude. One 
the stations had precipitation records covering years. The precipitations 
were plotted for 1-year, 5-year, and 10-year periods, the year being taken start- 
ing with the end the dry season October. All these curves had practically 
the same parabolic form; they differed only level, according dry and wet 
years. The regularity the curves explained the local meteorological 
conditions. This phenomenon raised possibility that, the precipitations 
the first months were known, would possible predict, the end 
December January, the probable precipitation for the remainder the 
year, including the period highest precipitation, from January April. 
When precipitation data were needed another site some distance away 
(about 350 miles), the existing records few years were examined, and 
was found that these curves also had the parabolic form; but, compared with 
the first place, precipitations for the same years were reduced certain 
proportion. This proportion offered method computing the average 
values probable precipitations and then determining runoffs. This ex- 
perience occurred the spring 1947, and the writer has information 
the results check subsequent observations. 

cases where other than meteorological data were lacking, the following 
procedure has been used. One unknown fact (or even two) was set aside first. 
The design was made the regular form; then the influence the omitted fact 


% Civ. Engr., Michigan City, Ind. 
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facts was investigated, for the worst conceivable case. the resulting 
necessary desirable changes were not too considerable (above all time 
and money), they were included (or least the possibility later change 
was provided for far possible). the desirable changes were too great, 
compromise negative decision had made; perhaps the entire project 
had postponed. 

the lack some data threatens make design impossible, may 
sometimes feasible, without too excessive cost, modify the influence 
such data limit that influence certain values and thus obtain basis 
for planning the project. 

After such project has been completed and the very beginning its 
operation experience, the routine steps the operation must based 
the conditions assumed the design. Thereafter, progressive modifica- 
tion, definite form and standard method operation must evolved 
experience. Sometimes there exist possibilities providing for later adapta- 
tions design and construction. 

Under such conditions not sufficient for the engineer have theo- 
retical knowledge hydraulics and experience hydraulic and general 
structures. needs more than knowledge—that is, needs instinctive 
feeling and understanding for all the problems involved. order give 
young engineers this understanding, many technical universities colleges 
South America have special course, obligatory for all civil 
students, entitled “Stream and Sea Hydraulics,” which three fifths three 
fourths concerned with stream hydraulics—both theory and laboratory 
practice. The course given addition courses fluid mechanics, sanitary 
engineering, and other subjects. The writer does not know any colleges 
the United States include similar special course the necessity for such 
course exists. 

The writer read the Symposium papers with these unique and special condi- 
tions mind, and fails find any direct reference this point. seems 
him that all the reservoirs and systems considered the authors were based 
more less complete data and knowledge prevailing conditions. 
would certainly interesting read something more concerning experiences 
with reservoirs designed and originally operated the basis insufficient 
data and under special conditions outlined this discussion. The writer 
felt obliged raise this point for the benefit the many engineers countries 
other than the United States who read the ASCE Proceedings. 


purpose reservoirs readily acknowledged, and the divergent points view 
from which the subject discussed this Symposium are quite comprehensive. 
serious omission from the Symposium paper the health aspects 
reservoirs and water impoundments. should scarcely necessary recall 
the importance this consideration. The location, design, and operation 
reservoirs may have several important effects, both beneficial and detrimental, 


San. Engr., Director, Communicable Disease Center, Public Health Service, Federal Security 
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the health human populations residing above, adjacent to, below the 
actual site the impoundment. 

Much work has been done the control malaria mosquitoes relative 
water impoundments. fact, this consideration has been major factor the 
location, design, and operation water impoundments. Some the results 
have been increase costs, others have caused environmental changes that 
have actually produced savings people living the locality. Furthermore, 
now known that water impoundments related irrigation have definite 
effect the incidence eastern and western encephalitis, mosquito-borne 
disease. Thus, the geographic area which the mosquito potential water 
impoundment must considered enlarged. 

The continuous stream flow provide dilution water for the disposal 
sewage the effluents from sewage treatment plants extremely important 
economic and public health consideration and, alone, has serious impact the 
design water and sewage treatment plants. 

Both state and federal health agencies have recognized the public health 
significance reservoirs and have conducted number field studies. Careful 
analysis has been made the relationship various health factors other 
uses reservoirs, such fish and wildlife, recreation, power, and irrigation. 
The interrelationships these programs great significance; often, changes 
one may seriously affect the others. 


Rocer Assoc. ASCE.—The Symposium Multiple- 
Purpose Reservoirs poses number important questions the engineering 
profession and all technicians involved water management, including 
foresters, economists, and conservationists. important question not 
adequately treated the Symposium the problem sedimentation. 

People occupying the United States future centuries will hold dim view 
the reclamation and flood control projects the twentieth century needed 
water control and storage space these great reservoirs filled with silt and 
debris. The question arises, course, how distant view should taken 
planners reclamation and flood control projects. With exhaustible 
natural resources, such large reservoir sites, the probable length need 
man should certainly given consideration. 

Hydro power will probably always needed. Transportation navigable 
rivers will always economically desirable. Water for domestic and irrigation 
use will necessary long civilization exists. Sea water may cheaply 
converted for use seaboard areas but its transportation interior states 
will always involve costs exceeding the costs distribution from near-by 
rivers. There seems little likelihood that precise control precipitation will 
obviate the need for control floodwaters. reservoirs will always 
demand for recreational use. 

These considerations point the permanent need reservoir space for 
domestic, industrial, and irrigation waters; the control floods; recreation; 
power development; and river navigation. 
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Silt control and debris control are much parts reservoir programs 
water control. This principle recognized under the flood control act and 
therefore further legislation needed deal with the problem. Without 
silt and debris control water control becomes temporary expedient—in many 
cases extremely short-lived expedient. fact, silt control sediment 
control Southern California prerequisite the reduction flood damage. 
Although especially important Southern California, this condition true 
elsewhere; reservoirs are applicable flood control, adequate reservoir 
capacity not only must obtained, but also must maintained. The total 
and correct cost water control for multiple use must include the cost silt 
and sediment control. 

The allotment space for silt and sediment detention reservoirs 
recognition that problem exists; but not solution. 

discussion apparent thought has been given the the project” 
the Symposium. The size reservoirs needed meet the objectives the 
planner one the major problems design; but the size for any given set 
conditions directly dependent the length time the reservoir 
used. Encroachment other uses flood control space generally recog- 
nized the authors reducing the effectiveness the reservoir. Encroach- 
ment debris and silt the design space also must reduce the effectiveness 
the reservoir for its designed function. Eventually this encroachment will 
make the reservoir worthless for each and all its uses. Certainly the engi- 
neers conceiving the huge projects being planned and constructed throughout 
the world are not thinking only terms the life” (from 
100 years) the structure. Studies indicate that the useful life 64% all 
reservoirs the United States less than 100 years and that only about 15% 
will serve for more than 200 

Three problems relative sedimentation should considered the 
planners multiple-purpose reservoirs: (1) Rate sedimentation; (2) sediment 
removal from reservoirs; and (3) reduction the sediment rate upstream 
stabilization measures. 


(1) Rate Sedimentation—Sufficient data are usually not available 
make accurate estimates sedimentation. Since 1929, however, data have 
been collected throughout the United States which, when properly analyzed, 
will provide basis for estimating with much greater accuracy than was for- 
merly possible. Sedimentation research, too, will undoubtedly improve pro- 
cedures and methods for making more precise estimates. 

(2) Sediment Removal from Reservoirs.—Eventually sediment deposited 
many reservoirs will probably removed sluicing and mechanical excava- 
tion. Where sluicing possible, will undoubtedly most economical; but 
the effects sluicing downstream installations should studied. Where 
mechanical excavation appears necessary, consideration should given the 
availability and accessibility dumping space. Space should procured and 
reserved the time construction prevent intensive development 
adjacent areas. The length haul might dissipate the economy other- 
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wise good dam and reservoir site. The cost sediment removal should 
included the total cost the project. 

(3) Reduction the Sediment Rate Upstream Stabilization 
considering this item the sources sediment production must determined. 
program must laid out reduce the production from these sources. 
The degree reduction must estimated. The cost the program must 
included the total cost the reservoir. 


Measures involved upstream stabilization will vary from area area, 
and within watersheds. They will generally include intensive fire control 
forested areas, vegetation actively eroding areas, road slope stabilization 
vegetation supported the necessary structures, road drainage for the harm- 
less disposal water crossing and concentrating roads, agricultural land 
treatment, and stabilization channels. The stabilization channels will 
consist mainly works. many cases, the stabilization up- 
stream gullies and severely eroding channels with raveling side slopes will 
reduce, permanently, the volume material available for transport reser- 
voirs. The construction debris dams, upstream from reservoirs, may 
necessity provide immediate and positive storage control and anchor 
place large volumes channel bed material. Reduction the channel slope 
the construction debris dams and barriers will reduce the transporting 
power the flow. Upstream sediment storage may extremely desirable 
and necessary but should not considered permanent solution. 

Various combinations many measures will ordinarily needed reduce 
reservoir sedimentation. The measures will usually costly, but many 
cases they will less costly than the continual excavation material from 
the reservoirs. 

determining the economic justification multiple-purpose 
project, evaluation the sediment problem over long period requisite 
correct analysis. The cost erosion control measures the watershed, and 
the cost maintaining the reservoir space whatever quantitative combina- 
tion most practical and economical, must included the total project 
cost. The benefits (whomsoever they may help and whensoever they may 
accrue) should equal exceed the cost. 


ASCE.—One feature multiple-purpose reservoirs that 
has been somewhat neglected the past silt control. This important con- 
sideration has been omitted from the Symposium; yet, unless some plan 
devised for holding back most the silt better farming practices and erosion 
control, and then providing method for washing the remainder through the 
reservoirs, the day will come when all the fall the streams taken dams 
and the basins created behind them will filled with silt. will then 
longer economical operate such reservoirs. 

Mr. McBride, the twelfth Symposium paper, correct blaming the 
states, some extent, for lack cooperation with federal agencies. For the 
most part, the Bureau Reclamation has made investigations irrigation 
projects interstate streams without regard the fact that the equities the 
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states the right the use such waters have not been determined. After 
considerable agitation the states the Upper Colorado River Basin, the 
United States Department the Interior did require compact for the division 
the waters, and assisted materially negotiating it. This should done 
every instance. 


philosophies and practices discussed this Symposium that needs resolved. 
Establishment rational, uniform, and sound economic principles needed 
control the expenditure public funds. Naturally, since fully 20% the 
entire national income required finance the federal budget, tough 
will more than usually critical the behavior federal agencies and their 
management public funds. 

Currently reported engineering periodical the developing contro- 
versy which government agency shall have control over streams which 
works are projected. This reminiscent the between 
military agencies the Department National Defense. The public interest 
not helped thereby and the responsible agencies earn poor reputation. 

fundamental principle, seems appropriate emphasize that public 
agencies are public servants—not public dictators exploit pet philosophies 
public expense. Public resources are not unlimited, and carelessness their 
investment will attended public distrust, resentment, and loss good will 
toward the responsible agency. 

Honest engineering the public interest suggests that departmental phi- 
losophies and rivalries should discouraged. They are more likely compete 
with the public interest than support it. 

justifiable approach multiple-purpose reservoirs would emphasize 
objectives that aid people preserve and improve their means livelihood. 
According the testimony advanced the Symposium, such limited objectives 
are most easily coordinated. During period when the tax burden caused 
past emergencies heavy, every dollar investment cost should earn least 
dollar’s worth tangible benefit and much more consistent with 
legitimate objectives. Flood control, the primary justification for invest- 
ment (because public safety the legitimate objective), should not exploited 
include speculative intangible benefits. some parts the United States, 
the provision sanctuaries for fish, wild life, and recreation appreciable 
public expense would considered wasteful and frivolous many people who 
are seriously concerned about their own livelihood. many streams that are 
highly developed industrially, navigation longer exists above tidewater, and 
any representation that navigation should considered important factor 
that area “humbug.” extravagant design for the development 
inherent power possibilities that provide for two three times much installed 
capacity the stream can possibly operate, load factor consistent with the 
prevailing load factor the electric system that area. has 
proved that such design simply results public veto the entire project in- 
its worthwhile flood control feature. 
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the northeastern part the United States, multiple-purpose reservoir 
project usually emphasizes the flood control feature justification for invest- 
ment Provisions for power storage and power development 
the site are added under favorable circumstances. The added functions are not 
allowed impair the primary function flood control operation protect 
damage centers downstream. example state-owned-and-operated 
reservoir the Adirondack section New York State, which (since about 1930) 
has been operated control floods and increase low stream flow power 
plants and industries downstream. The capacity the reservoir about 
690,000 acre-ft about 650 acre-ft per mile controlled drainage area. 

has been stated that the primary operating purpose reservoir should 
clearly defined, and the problem design provide facilities realize 
that purpose. 

secure the expected tangible benefits, intelligent operation must 
guaranteed, particularly with respect flood control. Intelligent flood control 
operation reservoir that controls not more than one fourth one third 
the total drainage area above important damage centers downstream depends 
considerably shrewd appraisal and understanding the runoff from that part 
the drainage that uncontrolled. Prompt closing reservoir gates 
the beginning storm, consistent with the maintenance minimum flow 
required industries and other facilities, followed gradual release stored 
water after the uncontrolled runoff has passed the damage centers, generally 
indicated. Reservoir operation not matter finicky rule curves devised 
theorists. 

seems axiomatic that: (1) multiple-purpose reservoir should never 
full spillway crest the beginning storm; and (2) the storage 
space reserved for floods should sufficiently empty the beginning 
storm provide adequate flood control. business calculated risk. The 
degree flood storage space might vary with the season the 
year when major floods may expected that locality. Certainly, the flood 
storage space should practically empty the beginning the “design 
storm.” 

Effective control reservoir considers the three elements inflow, 
storage, and outflow. Maximum inflow reflected the storm,” 
the magnitude which determined consideration the records, hydrol- 
ogy, and meteorology applicable the locality. The designed capacity the 
reservoir represents the storage factor. The discharge capacity spillway and 
gates represents maximum outflow, which for satisfactory results should not 
threaten the safety damage centers downstream. Cost budgeted pro- 
vide for effective controls and their adequate and continuous maintenance, 
including the salary full-time attendant. 

the function design make those controls effective and dependable 
all times. design assumption that considers gates closed otherwise 
inoperative and the reservoir full spillway crest the beginning storm 
may permissible the case power storage reservoir because that condi- 
tion occasionally incidental aspect power storage operation. Such 
design assumption does not make sense the case flood control reservoir, 
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especially when applied the flood storage space multiple-purpose reser- 
voir where the chances are excellent that the power storage space also some- 
what depleted the beginning storm. 

Extravagant and illogical assumptions result extravagant design and con- 
struction spillways. actual flood occurrence that would test the capacity 
such spillway would destroy the damage centers downstream that had 
trusted “flood control.” such actual occurrence unthinkable, why pro- 
vide the expensive and excessive spillway capacity? 

spillway design applicable power storage reservoirs applied flood 
control multiple-purpose reservoirs, the public may suspect that the avowed 
flood control feature may later disappear and the entire reservoir may ulti- 
mately acquired power storage special interest public expense. 
Experience proves that, design procedure inconsistent with avowed opera- 
tion procedure, the public will become suspicious motives and will probably 
ascribe the least favorable motive the public agency involved. 

seems evident that the public interest must treated fairly federal 
agencies the public may prefer take its chances with natural forces that 
appear more trustworthy behavior and less expensive results. Such 
outcome might more unfortunate for federal agencies than the reorganization 
advocated the report the Hoover Commission its recent investigation 
into the activities government departments with respect development 
natural resources. 


Joun ASCE.—There certain conflict between the 
various uses incorporated the operation true multiple-purpose reservoir. 
The greatest conflict usually between irrigation and power, unless reregula- 
tion provided. There less conflict between flood control and irrigation, 
between flood control and power. The least conflict probably between 
navigation releases and power. 

There direct approach the planning multiple-purpose reservoirs. 
The best approach “cut and is, assume various heights 
dam and, for each height, operate the reservoir taking into account the 
various requirements (to the degree possible) and the rule curves operation. 
usual find that not economical provide for full flood protection, 
complete firm power delivery, full irrigation releases critical years. 
more than years runoff records exist which show reasonably definite and 
consistent flood flow pattern, not reasonable provide definite flood 
control storage. 

The next problem that arises the yardstick used arriving the 
optimum size reservoir. the rate annual return used index, 
very small reservoir will result. the ratio annual benefits annual costs 
(annual benefits divided annual costs) used index, larger reservoir 
will result. the annual benefits minus annual costs used index, 
much larger reservoir will result. The writer the opinion that public 
projects should approach but not reach the limit set annual benefits minus 
annual costs, because beyond this point the annual costs increase more rapidly 
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than the annual benefits. the writer’s opinion, this problem basic 
economics, because the very wide variations involved, should have 
much more attention than most the other current problems concerning 
multiple-purpose projects. 

computing the annual benefits multiple-purpose project un- 
necessary allocate the capital costs the various uses. sufficient 
lump all the benefits whatever they may and they may 
accrue. logical consider probable future increases values benefits 
and also make allowance for indirect and intangible benefits. Great caution 
should taken avoid duplication benefits, and arrive benefits that 
are truly practical and realistic. the other hand, all cases the annual 
costs, aside from operating and maintenance expenses, should include interest 
and depreciation (or amortization) charges. 

many instances private capital has provided some multiple-purpose 
benefits the public through construction projects developed for single 
purposes. unfortunate that some way has not been devised for the govern- 
ment compensate private owners for the development public benefits. 
such compensation were possible, many private projects would have been 
built optimum size instead some smaller size suitable for the private 
company’s uses. This procedure would have obviated the underdevelopment 
many fine sites, and would protect the future development the relatively 
small remaining number good sites. 

The problem reservoir silting serious one. Many ideas silt control 
have been advanced, but nearly all will not meet the acid test economic 
justification. true that proper farming practices will help the situation, 
but unfortunately the world’s most important reservoirs are not farm belts. 
The writer aware only few rare cases which excavating the deposits 
the reservoir would economically justified. Assuming that money 
needs spent for storage silt removed, would cost least $150 per 
acre-foot silt excavated. 

Ordinarily, the control erosion large steep areas out plants, 
shrubs, and trees not justified economically. The writer has examined vast 
areas treated the Japanese Korea and Formosa. This work, especially 
Korea, was done heroic scale. Many the shrubs survived, but were 
dwarfed because the soil mantle had washed away. There virtually nothing 
growing between the planted rows shrubs and, consequence, the erosion 
still severe. The writer has explored the Yellow River (China) drainage 
area. Nowhere the world are erosion conditions severe; and, times, the 
Yellow River carries much 40% solids. The loessal area which provides 
the silt 288,200 extent and the river drainage area 771,500 km. 
was found that this great erosion rate caused lack vegetation, which 
turn very largely result overgrazing. region was visited which the in- 
habitants had left years before because bandits. Surprisingly, fine stand 
grass and weeds was found even though the annual rainfall was only in. 
The erosion from this area was practically nil. Some the erosion came from 
very large deep gullies, but these could stabilized blasting rock canyon 
walls (where rock was present) form rock-fill dams. other cases, soil 
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saving dams built loess could constructed form barriers. Unfor- 
tunately the current war China ended the program. 

The writer has also observed the devastating effect overgrazing 
Mongolia, Ceylon, India, and Turkey. Unless carefully controlled, sheep 
much damage, but goats much more damage. Therefore, large unfarmed 
areas the economic approach prevention erosion (1) controlling grazing 
very carefully, (2) spreading seeds fertilized pellets from airplanes, (3) 
planting grass and shrubs selected areas, (4) preventing fires, and (5) con- 
structing cheap dams for gully control blasting hillsides and constructing 
soil saving dams. short, let nature most the work. 

Even erosion very severe and cannot economically controlled, 
justifiable construct multiple-purpose dam, provided that the project can 
amortize itself during its lifetime. After the reservoir filled with debris, run- 
of-river power can obtained. providing concrete pipes the bottom 
the reservoir and controlling them preferably from the downstream end, bed 
loads can passed during the silting period. These pipes could used 
after the reservoir silted drain off water from the debris. The concrete 
should very porous, should have holes and covered with rock and 
sand filter. The water yield would depend the porosity and the size the 
debris particles. obvious that this device would suitable only for short 
reservoirs having relatively steep bottoms. 

times there tendency install too much electrical production 
capacity multiple-purpose projects. There room for only one two low- 
capacity-factor power plants near the peak system load curve. Hence, 
other low-capacity-factor plants, because insufficient undependable energy 
production, cannot fully utilized. Studies should made see the firm 
power output, together with the firm output existing and future plants, fits 
into the future integrated load curve the system under all conditions. If, 
addition, blocks secondary energy can produced, investigation should 
made firm steam support. 


storage” (storage space kept 
empty anticipation floods) appears the most conflicting and least 
economical multiple purposes for which reservoirs are used. 

Until about 1910 flood control the United States was obtained principally 
the use levees. Ohio after the Dayton disaster 1913 and the con- 
struction the Miami project, flood control reservoirs the upper reaches 
were introduced. Since then the flood control reservoir has descended into 
the plains combined with storage for other purposes. the last Symposium 
paper, Mr. Hill has clearly set forth the existing conflicting requirements and 


has called for further discussion, which the writer undertakes, under five 
headings: 


Requirements Flood prevent inundation river channel 
must sufficient size carry off maximum floods without overflowing its 
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banks. Most the rivers the United States are still wholly unimproved 
native state, and are generally far too small carry occasional great floods. 
has been emphasized Gerard Matthes, Hon. ASCE, Stevens, 
Past-President, ASCE, and others, river channels deteriorate rapidly when 
floods are absent. Vegetation chokes and blocks the channel, covering the 
sand bars. unrestricted encroachment the river riparian 
owners. Entire city sections are within the flood areas. The flood storage 
reservoir aims reduce flood heights, but thereby creates only further neglect 
and encroachment the river channel. 

The improved “‘normalized” river, the other hand, maintained 
artificially corrected and protected channel, with increasing sectional area 
approaches the sea. The Rhine River Europe example such 
“normalized” river. There are winter dikes, summer dikes, surface and sub- 
merged groins, longitudinal groins, bank revetments, maintenance dredging, 
and policing along its entire course. The Rhine River has ceased over- 
flow its normalized channel, and all times confined within that channel. 
“Empty for flood control not found along its entire course from 
Switzerland the sea, and could not tolerated account the great 
value the land for other purposes. The Lower Mississippi another example 
“normalized” river very great magnitude and virtually still under 
construction. storage” has been, and being, provided the tribu- 
taries this stream. 

Value Empty Storage Single best, what the value 
“empty storage” reservoir? There are four possible cases flood damage: 


(a) There may flood damage the uplands due torrential rains and 
gullying, such occurred near Taylor, Tex., 1921. (Damage the lands 
such cases enormous and wholly beyond protection reservoir.) 

(b) There may flood damage the valley upstream from the reservoir. 

(c) There may damage the valley downstream from the reservoir due 
floods originating downstream from the reservoir. 

(d) There may damage downstream due floods originating upstream 
from the reservoir. 


Only case (d) the reservoir able (by reducing the flood height over 
certain distance downstream from the dam) protect the land areas between 


former and lowered flood heights. The release” following storing of. 


floodwater generally not simple problem might appear. For example, 
release million acre-feet days will require release 50,000 per 
sec for days, which, most large streams sizable flood itself. Pro- 
ponents the method refer discharge allowable. This 
tolerance, unimproved river, causes riparian owners, who watch their 
riverbanks being caved boiling river under sunny sky, file damage 
suits immediately. 

Value Empty Storage Chain Dams.—When the river has been 
transformed into succession reservoirs, however, the one protective function 


four possible cases flood damage cited under case (b) also disappears 
completely. 


. 


904 STREIFF RESERVOIRS 


such system, like the Tennessee River below Chattanooga, Tenn., 
hundreds square miles the valley area below maximum flood lines were 
purchased over length some 630 river miles (nearly the straight line 
distance between New York, N.Y., and Chicago, and the entire population, 
including even the occupants cemeteries, was moved out the flood area. 
This system flood thereby becomes identical the levee system, 
where maximum flow lines are also the demarcation the public domain which 
reserved for the passage the floodwaters, and becomes the very system 
the Mississippi River, the Rhine, Seine, and Tisza rivers Europe, and 
many other rivers. the case levees, such protection can accom- 
plished, course, without building single dam. descending into the 
natural valley storage space, the “empty reservoir becomes super- 
fluous. maximum flood heights (which are the most important) such 
“empty storage” reservoirs are just uncontrollable the original valley 
storage itself. 

The Dam Chain Normalized Channel.—The present policy federal 
agencies extend the Tennessee Valley Authority system other water- 
sheds. Leaving out the discussion the storage dams themselves, the accom- 
panying purchase and clearing all the lands below maximum flow lines 
itself, will serve important purpose. The process clearing these lands 
equivalent the establishment normalized channel, large enough carry 
maximum floods, which exactly what needed. other words, the levee 
system extended far upstream into the main tributaries different form. 
The normalized channel now appears the form series reservoirs. 
Thereby the problem maintaining long, normalized channel concentrated 
the maintenance number dams instead. This solution exactly fits 
the requirements the United States, where small population density makes 
maintenance thousands miles normalized river channel uneconomical. 
Agricultural land area, the other hand, abundant. Where the levees 
begin the lower stretches, the normalized channel must maintained and 
dimensioned before. 

The maintenance “empty dams that are completely contained 
within the valley storage useless and does not merit repeating. Instead, the 
dams should (and could) operated under full head for other multiple pur- 
poses. Carrying full storage will rout floods quicker; but, long the nor- 


channel adapted the requirements, the results will satisfactory. 


Storage the Watershed and the Upper dam con- 
taining storage space not only within but also above the valley storage, the 
conditions are mentioned under case for single dam. Under such 
circumstances, improvement flood storage efficiency can achieved 
multiplicity storage all over the watershed. For centuries this storage 
technique has been existence India. The province Madras contains, 
area equal that New Mexico, 43,000 storage reservoirs with total 
length earth dike 30,000 miles, containing some 200,000 masonry outlets. 
Runoff stored during the wet monsoon season for use during the dry monsoon 
season. this instance the storage for irrigation purposes. When storage 
space available such quantity, the need for “empty whether 
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within above the valley storage, automatically eliminated and the stored 
waters can allocated for all other multiple purposes without considering 
flood control. 


Dana ASCE.—Considering the papers this Symposium 
whole, the reader immediately impressed the number and authority 
agencies having interest federal multiple-purpose development 
particular, and nearly equal interest private developments. Assuming, 
for example, that the Corps Engineers, United States Department the 
Army, under Congressional authorization, has paramount interest planning 
and design, because flood control navigation functions both, must: 
(1) Obtain the approval the Federal Power Commission the design and 
the comprehensiveness the river development scheme; (2) cooperate with 
the Bureau Reclamation irrigation involved arrange for the United 
States Department the Interior sell any power available; (3) perhaps 
coordinate power planning with private utilities independent market 
not available; (4) secure recommendations from the Fish and Wildlife 
Service the Department the Interior; (5) determine the extent participa- 
tion the National Park Service the same department with respect rec- 
reational possibilities; (6) procure the hydrometeorological services the 
United States Weather Bureau and the United States Geological Survey; (7) 
ascertain public health requirements; and then (8) receive cooperation and 
assistance lower state and municipal levels. and archeological 
investigations must included the National Park Service, assisted the 
Smithsonian Institution Washington, C., and perhaps local uni- 
versities. The soil conservationists have interest. All this requires special 
appropriations for each agency, shifting funds from one the other, 
necessitating government budget requests and reviews, special agreements. 
How complicated the life the government planning and design engineer 
becoming and how divided the authority! 

Little has been said about the necessity obtaining local public approval, 
coordinating, and compromising the appeals special pressure groups, 
overcoming selfish and individual attitudes all levels. course, the 
greatest good the largest number individuals supposed the con- 
trolling theory, but political and financial controls can violate this. One the 
greatest evils today unwillingness compromise issues any level 
from the individual even the international. The question too apt 
raised, does this affect the individual, the community, the State?” 

Yes, national water policy needed, but how one obtained? 
Congress ready modify its stipulations that one agency sell its power 
the switchboard while another builds its transmission lines the market, 
any particular agency willing depart from its own pet theory alloca- 
tion costs multiple-purpose objectives determining project economics? 
flood control greater less importance than power except for reasons 
political expediency? Are local benefits sufficiently large outweigh local 
taxes government projects? Should theoretical rather than actual interest 


Power Studies Branch, Div. Water Control Planning, TVA, Knoxville, Tenn. 
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charged against government project which competes with private business? 
Will nonreimbursable appropriations made the expense the United 
States large that purchasers water and power will not required 
pay for services provided for the general public the same restricted area? 
Shall large landowners receive the same benefits from irrigation small 
landowners? Shall residents within flood control district contribute the 
project some equitable basis shall the federal government bear the entire 
expense? Shall governmental planning allocated numerous bureaus 
consolidated new bureau? One can indefinitely raising ques- 
tions requiring compromise which probably never will actually compromised 
until the character the individual and the groups improved and selfish 
interest largely eliminated. 

national water policy must flexible because two cases are exactly 
alike. one case, may necessary sell power the switchboard 
the one available utility, thereby continuing monopoly, because any other 
market could not built readily. another case, the public interest 
might hurt following such policy. The residents within proposed 
flood control district might not have the financial ability participate, 
matter how desirable the flood protection might be, because already existing 
financial responsibilities. Many municipalities are overburdened with heavy 
debt, perhaps result mistaken past policies, and cannot undertake badly 
needed improvements. This condition, course, raises the important question 
whether community which has been thrifty maintaining pay-as- 
you-go basis should now penalized assist through taxes less thoughtful 
community. Water laws and practices one section the United States 
differ from those another. Basic fundamental questions are woven all 
through the problem national water policy. 

Desirable some national water policy may be, seems likely that will 
long time before one can developed. the meantime, the step-by-step 
progress made recent years should continued. Indeed, any fixed policy 


may undesirable because the constantly changing conditions the 
United States. 


ASCE.—Relatively few water storage reservoir 
projects large capacity and major importance have been developed serve 
single purpose. Ordinarily one principal interest was stressed, with inci- 
dental benefits others, and possibly some disadvantages and inconvenience 
accrued unless prior rights were recognized and fully protected. 

The legislation embodied House Document No. which was enacted 
into law Section the River and Harbor Act January 21, 1927, initiated 
new era practical hydrology. directed the Chief Engineers prepare 
technical reports the principal river systems the United States, except 
the Colorado River (on which the Bureau Reclamation, United States 
Department the Interior, had already made notable progress), from the 
fourfold standpoints navigation, flood control, power development, and 


% Cons. Engr., Salt Lake City, Utah. 
House Document No. 808, 69th Cong., Ist Session, 1928. 


JARVIS RESERVOIRS 907 


irrigation. Naturally, the interests municipal water supply, manufacturing 
industries, recreation, fish and game life, and other outstanding items 
national life and economic structure were duly investigated and included the 
final reports. The impressive array Document No. 308 Reports,” 
published during the following decade, helped establish the concept 
“multiple-purpose reservoirs,” which both the principal and the incidental 
beneficiaries were recognized, along with their eligibility and probable ability 
share the capital cost the undertakings. This new concept has made 
possible the launching several important key projects the realms flood 
control, navigation, power development, irrigation, and municipal 
water supply. Without the hydroelectric energy made available such 
projects Grand Coulee Dam (on the Columbia River), Bonneville Dam (on 
the Columbia River), Hoover Dam (on the Colorado River), the notable 
features the Tennessee Valley Authority, and other monumental achieve- 
ments, just how could this nation have accomplished its tasks during the 
years World War II? 

substantial part the total costs such projects (with their demon- 
strated strategic value and importance during national crises) must charged 
the general welfare, while subscribers under irrigation, municipal water 
supply, and hydroelectric power projects pay all that can rightfully assessed 
against them, such basis financing both justifiable and commendable. 

Alleged conflicts major interests multiple-purpose reservoir project 
are too often grossly overdrawn. Coneeding that the flood control ideal 
inclines toward empty reservoir certain seasons, and that hydroelectric 
power interests prefer high storage head, both ideals must readily submit 
limitations and modifications their own behalf, and should make even 
greater concessions the spirit compromise promote conservation and 
utilization basic natural resources. properly designed and operated, 
reservoir filled nearly spillway level proof mission accomplished for 
that particular season period. still capable storing and automatically 
releasing regulated volume floodwater over the spillway, with but minor 
negligible damage the pasture woodland below the designed high-water 
contour, for which flowage rights are already secured. remarkably large 
proportion the total reservoir capacity ordinarily located above the spill- 
way level. With assurance that automatic release will continue the prede- 
termined rates, over the open spillway, the operators are relieved needless 
worries and the pitfalls immature decisions regarding emergency drawdown. 

Recent advances the field hydrometeorological services the United 
States Weather Bureau and cooperating agencies have effectively removed 
the probability, not the possibility, unwarned approach catastrophic 
storms (and resulting floods) except those associated with structural failures. 
This situation certainly justifies the adoption intelligent and liberal policy 
the field reservoir drawdown. With long-range weather forecasts attaining 
higher percentages accuracy and dependability, becoming more justi- 
fiable maintain considerable storage volume floodwater for orderly release 
promote beneficial use. the other hand, demand for hydroelectric energy 
may justify drawdown below the ideal storage level when there reasonable 
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assurance increased volume river discharge the near future, capable 
replenishing the storage the desired level even above that level. 

Some the most important and valuable storage capacity reservoir 
may what known bank storage. Lateral infiltration into coarse 
granular deposits other readily permeable geological formations above 
Elephant Butte Dam the Rio Grande New Mexico accounted for return 
flow, during the final drought year series ending 1940, which was 
cient offset all reservoir losses and yield additional dividend approxi- 
mately 47,800 acre-ft. The 46-year mean annual loss had been calculated 
198,700 acre-ft from records the Bureau Reclamation, summarized, 
tabular and graphical the writer 1943. some cases, 
geological reconnaissance may determine the advisability opening trenches, 
cuts, shafts penetrate the potential underground storage strata, especially 
where the topsoil mantle would retard the inflow and outflow unduly. 

The Symposium comprehensive scope and constitutes valuable con- 
tribution the subject multiple-purpose reservoirs. 


Gleanings from the Field Hydrology,” Clarence Jarvis, Brentano’s Inc., 
Washington, C., 1943, pp. 40-41. 
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TRANSACTIONS 


Paper No. 2413 


ENGINEERING CONCEPT FLOW PIPES 


Today enough known about flow pipes, both fundamentally and ex- 
perimentally, form secure basis for consolidation. Holding the physical 
contacts and keeping the rational elements open inspection are the secrets 
safe advancement. 

The relations smooth and rough pipes, and large and small pipes, are 
here expressed correlated equations rather than separate empirical 
formulas. specific roughness coefficient, which surface may desig- 
nated and which remains fixed for extreme ranges diameter replaces 
variable coefficient. index pure turbulence indicates the velocity 
which the friction factor becomes constant. formula for smooth pipes 
recommended also for rough pipes under certain circumstances. Correlation 
shown between artificially prepared random roughness and variety 
commercial pipes. method furnished for distinguishing surface losses 
from localized losses, thus exposing the latter for corrective measures. All 
the equations are related through simple algebraic expressions. 


INTRODUCTION 


The following facts and principles are arranged promote correct method 
and, far possible, rational procedure, for computing flow pipe lines. 
The inclusion oils and other fluids need not defeat this purpose; nor does 
imply that, select friction factor, the viscosity water must always 
known. However, few old traditions must firmly set aside. 

reader who overconscious the meagerness his preparation 
hydraulics should not despair. the nature, not the extent, the ground- 
work that counts. should see the Chezy formula, the 
embodiment simple physical meaning whether the equation solved for 


Note.—Published in May, 1949, Proceedings. Positions and titles given are those in effect when 
the paper or discussion was received for publication. 


Prof., Hydr. Eng., Univ. Washington, Seattle, Wash. 
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velocity, commonly found for open channels, for lost head Darcy? 
and Julius Weisbach* preferred for pipes. should know that constant 
coefficient either case confirms the Newton principle similarity which 
demands the dissipation energy proportion the kinetic energy involved. 
chances mature engineer, may find the article mainly cor- 
roborative his early training, although times may sharply con- 
tradictory it. When contrary his training, may still agree with his 
experience. 

One who well grounded fluid mechanics should not presume that the 
writer renouncing that subject when times his interpretations are not 
conventional. Absence logarithmic formulas for resistance factors does not 
imply that empirical links render them too inaccurate, but that complicated 
formula unnecessary. 

The agreement friction factors for partly turbulent flow smooth and 
rough pipe should emphasized, but not the extent obscuring the 
equally important fact that extreme contrast exists between the two those 
higher velocities which produce complete turbulence rough pipe. This 
condition applies all fluids. one should feel secure the knowledge 
his limited field since this overlapping universal. 

attempt made herein express the physical meaning simple 
manner, using only the mathematics with which the average reader familiar. 


GENERAL PRINCIPLES 


The flow through pipes has long been computed closely 
organized combination two distinct types formulas—one rational and the 
other empirical. efficient use such combined method requires keen 
discrimination the nature these component parts. make full use 
the rational aspects, one should observe that fluid follows one another 
three distinct modes physical behavior depending the circumstances. 
These three modes are revealed successively when the flow through moderately 
rough pipe changed from zero some high velocity. 

Roughness does not appreciably change the resistance nonturbulent 
flow because this parabolic distribution there velocity the surface 
contact. However, when the velocity increased until the viscous drag 
along the wall becomes greater than the internal stability, the slightest cross 
component velocity permits the streamlines buckle. The resulting 
turbulence projected throughout the cross section the pipe with the 
exception thin boundary layer that still resists the penetration cross 
components. This mixed type flow constitutes partial turbulence, the 
boundary layer still being nonturbulent. Roughness here, also, does not 
materially change the resistance, since the roughness elements are shielded 
the boundary layer. 

velocity eventually reached which the boundary layer has become 
thinned negligible film and the shape any roughness becomes exposed 


expérimentales relatives mouvement dans les Darcy, Mallet- 
Bachelier, Paris, 1857. 


“Principles the Mechanics Machinery and Engineering,” Julius Weisbach, American Ed. 
edited Walter Johnson, Lea and Blanchard, Philadelphia, Pa., 1848, Vol. 391. 
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the direct action the moving fluid—the rougher the surface the lower 
the necessary velocity establish this condition. The pattern flow, once 
established the topography the solid boundary, remains unchanged for all 
higher velocities and the friction factor remains essentially constant. There 
may minor secondary influence viscosity tending render the pipe 
wall smoother; but with roughness elements varying widely size and shape 
this influence negligible any one velocity. 

Most engineers who are familiar with the use the Reynolds number 
not care use simply show familiarity. They should however recognize 
the extent which large physical 
dimensions dwarf the influence vis- TABLE 
cosity, and should review the following PIPE 
facts: First, viscosity plays part 


nn ; Velocity, | Measured | Reynolds — 


moderately rough pipes and channels. (1) (2) (3) (4) 

Second, viscosity the direct source 18.90 306,000 0.0276 

ms 4, 2 

models. Third, for small changes 8.88 2.01 0.0279 

7.00 1.25 3,000 0.0279 

viscosity partly turbulent flow, 6.24 0.990 0.0278 

given percentage change viscosity 0.027 

3.22 0.265 43,000 0.0278 

causes approximately one fourth that 2.05 0.176 35,500 

the ratio less than one fourth. 1.440 0.0530 17,500 0.0281 

approximate Reynolds number for water 0.0333 14,300 0.0290 

elocity, feet per second; and 0.01145 0.0345 

membered, however, that the viscosity 0.00185 3,160 0.0376 

temperature from 85° thus 0.0915 0.000370 1,320 0.0486 


changing the Reynolds number from 

Typical three the modes flow appear the following test 
moderately rusty 2-in. standard black pipe. The test specimen used for 
this experiment was 10.0 long with average diameter 2.039 in., preceded 
another the same 2-in. pipe. Conditions during the test were 
kept nearly constant practicable, with the exception the velocity 
which was varied gate valve placed remote point. Small friction 
heads were measured with tilting mirror gage developed for the purpose. 
The results are shown Table The symbol usual, represents the 
friction factor applied through the Chezy principle the 

72 
formula, —this form seeming have returned permanently the 
engineering profession with its rational embodiment pure dynamic laws. 
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The expanded form the Reynolds number which the 


absolute viscosity (preferably pound-seconds per square foot); and the 
unit weight fluid. 

Three Methods Presenting the Same Data.—The results this test are 
plotted three forms for reasons that will become obvious. The graph shown 
Fig. drawn natural scale indicate relative values and thus give 


Velocity Feet per Second 


Friction Factor—f 


Sranpargp Buiack Pieg, 5 Years 1n Service 


proper weight the higher velocities where the friction factor remains con- 
stant. This range which the pure law undistorted viscous resistance 
much greater than suggested the conventional logarithmic chart. Fig. 
logarithmic plotting the data The distortion too often 
overlooked through desire magnify the smaller values. The same data 
are again shown Fig. latter logarithmic plotting (loss head with 
respect velocity) still more dangerous expedient, particularly for ex- 
trapolation. The small break the line turbulent flow near the midpoint 
Fig. should noted. this method, the line often carelessly drawn 
straight, with slope depending the particular range velocities observed. 


10,000 Reynolds Number—R 100,000 400,000 


1000 


general, any plotting data that leaves within the scale such 
major law that Chezy dwarfs the features that should emphasized. 
When reviewing old experiments, should noted that excessive number 
low velocity readings have been recorded. These readings were readily 
secured, often abnormally low value, whereas those equally above the 
needs were probably not attainable. Had the data Fig. ended 1.5 


per sec, the error from producing the curve per sec would have been 
about 50%. 
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The choice one another the three forms plotting one emphasis, 
since the same facts are simply viewed different perspective. All these 
forms show that the higher velocities the loss proportional the square 
the velocity, that is, the friction factor constant response the domi- 
nant law. 


Head Lost Feet 


d 


Velocity Feet per Second 


intermediate velocities, where the loss responds part the major 
dynamic law and part the various influences viscosity, the lost head 
does not vary with any constant power the velocity. customary and 
proper use the Chezy principle (the Darcy-Weisbach formula) here, however, 
since the loss varies more nearly with the square the vleocity than with the 
first power. The exponent shown Fig. the common 1.75 this middle 
range, which equivalent the value varying the 0.25 power the 
velocity. This exponent known apply only the lower Reynolds num- 
bers, and more accurate formula will given subsequently for all Reynolds 
numbers, including those less than 100,000. 

velocities low enough for the flow remain nonturbulent, the dynamic 
law replaced equally exact but entirely different law. Solved for drop 


pressure, the fundamental Poiseuille formula and, since 


this correct formula. The subterfuge, method including all velocities and 
their respective coefficients single graph, serves mainly for detecting the 
change from nonturbulence partial turbulence. The implication physical 
meaning quite misleading since this highly variable (where reality there 
simply the mathematical consequence using wrong formula. 
Nonturbulent flow being independent the roughness the pipe, the Poiseuille 
formula complete answer; and its range application reasonably defined. 
Although providing local excitation one may secure partial turbulence 
factors Reynolds numbers 1,500 less, under most circumstances the 
turbulence damped out rapidly produced with Reynolds numbers 
even greater than 2,000. Reynolds number 2,000 reasonable lower 
limit partial turbulence, however, since (for the purpose computing losses) 
the safe side. 

Fig. there complex rising transition sometimes thought 
necessary for Reynolds numbers less than approximately 300,000, for this 
particular roughness. the contrary faint suggestion dip persistently 
reveals itself this natural pipe. 
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The Transition from Partial Turbulence Full there 
gradual transition between the two types turbulent flow, usually ex- 
plainable. Friction factors the vicinity the change from partial turbulence 
full turbulence may somewhat above the constant the total resistance 
the result two more segregated degrees roughness, somewhat 
below the constant the surface roughened with uniform size elements. 
Further explanation the dip caused uniformity artificial roughness 
will appear later. 

illustration the gradual transition caused two degrees roughness 
that are well separated the same pipe appears the results the following 
test. Unlike the effect localized losses, which increase equal 
amount virtually all velocities, this transition begins with the lowest velocity 
that supports full turbulence the rougher section. 20-ft length 2-in. 
pipe was tested throughout range velocities with the results shown the 
middle line decided transition was apparent. The pipe was then 
cut into two 10-ft sections and each section was tested separately. chance, 
one section proved much rougher than the average the entire pipe; the 
rougher section showing practically transition. Had the separate friction 
factors for each pipe been known, the graph the 20-ft length could have been 
made advance the test, since simply the mean the two halves. 


0.020 

0.015 


Reynolds Number—R 


Fic. 4.—ComMpoNnentTs OF TRANSITION FROM PARTIAL TURBULENCE TO FULL TURBULENCE 


important note that these gradual transitions can reproduced 
properly weighted average the constant the rough part pipe and the 
variable perfectly smooth pipe. The two 10-ft lengths pipe the 
foregoing experiment were repeatedly tested together all combinations 
direction flow and connection one with the other, the graph remaining 
substantially shown. This type transition not uncommon. iron 
steel pipe installed the conventional manner may show its effect. The 
general surface smooth enough remain partial turbulence all ordinary 
velocities, but there are fully turbulent areas. 


The physical implications the Chezy formula should not treated 
lightly empirical methods. Some the older formulas ignore these rational 
features, with serious consequence. interesting speculate what 
might have been Darcy’s final conclusion had his elaborate program not been 
interrupted his death 1858, for was the midst intensive study 
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flow along prepared surfaces having artificial roughness. His assistant, 
Bazin, was dominated Ganguillet and who attempted 
evaluate the partly completed work, and neither these men showed 
eagerness for physical meaning their mathematics. 

influence during the nineteenth century reacted more strongly against 
clear thinking than did Kutter’s failure distinguish between the two types 
turbulent flow. Only his lower velocities smaller conduits were partial 
turbulence; yet the data were averaged indiscriminately. This weakness 
permitted such fallacies that the coefficient being always function the 
slope, and that the rate change the coefficient being independent 
relative roughness. Robert removed the former fallacy but retained 
and emphasized, his formula, the latter and more serious fault. Fortunately 
the use these old formulas becoming less prevalent for pipes. The growing 
tendency segregate coefficients into pipe coefficients, and channel coeffi- 
cients, should encouraged. Using only for open channels with the 
formula prevents such features shape cross section and 
wave action from marring the coefficients used for pipes. 

Bazin that the coefficient did not normally change with 
changing slope, fact entirely consistent with constant for those surfaces 
and velocities that were pertinent his field application. There the 
principle dynamic similarity was undisturbed viscosity. Despite its 
lack dimensional consistency the Bazin formula does supply what Manning’s 
formula does not—a greater percentage change coefficient for rough 
surfaces than for smooth surfaces, for any given change size conduit. 

being impatient with theories, was prone discourage any 
rational approach unless quickly confirmed superficial experiment. His 
methods did not tend explain why his varied. Thus not surprising 
that the half century following, few experiments were considered 
establish The constant coefficient with fractional exponent like 
that which led the formula Blasius’ originated this atmosphere. 
The fractional exponent carried this extreme obscures the rational elements, 
and makes the number formulas unlimited. 

the beginning the twentieth century the method constant fractional 
exponent was its zenith. One small volume that found its way almost 
every library shelf, Tables” Gardner Williams and Allen 
Hazen,* Members, ASCE, was based fallacy that should have been ap- 
parent the time. constant-exponent formula was developed, selecting 
only the data from the smoothest pipes attainable, the exponent reducing 
1.85. was then assumed that all rough pipes would follow that same 
exponential the coefficient depending only the degree roughness. 
General Formula for the Uniform Flow Water Rivers and Other Channels,” Gan- 


ga and W. R. Sater, translated by Rudolph Hering and J. C. Trautwine, Jr., John Wiley & Sons, Inc., 
ew York, N. Y., 1889. 


the Flow Water Open Channels and Pipes,” Manning, Transactions, Inst. Civ. 
Engrs. Ireland, Vol. 20, 1891, 161, and Vol. 24, 1895, 


Annales des Ponts Chaussées, 4th Trimestre, 1897. 


bei von Blasius, Physicalische Zeitschrift, Vol. 12, 
»P 


Gardner Williams and Allen Hazen, John Wiley Sons, Inc., New York 
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Fig. illustrates the consequence. The graph shows the formula applied 
9.63-in. pipe with equal 90. The test points are from experiment 
made available English. Although approximately correct for lost head 
velocity 1.5 per sec, the formula with the same coefficient 26% 
error 12.6 This not isolated case. published the 
results other tests that showed the same characteristic. The Chezy formula 
with constant would have served these pipes with appreciable error 
any reasonable velocity. 


Velocity Feet per Second 


Fic. or WILtiams aND Hazen Formvuta ror A Roves Testep spy Darcy 


Uniform Sand Grains.—Attention has frequently been called the failure 
experiments ordinary pipes. The cause and the meaning this disagree- 
ment are more apparent one considers Nikuradse’s work intensive 
study the several components one average degree roughness. com- 
posite all his experiments conforms reasonably well the pattern found for 
single natural surface this average roughness. 

The solid line Fig. shows Nikuradse’s work reduced one graph for 
equal Reynolds numbers. The dotted line his individual graph for approxi- 
mately that average degree roughness. The composite graph remains 
within constant 0.035 for all Reynolds numbers above 
radse’s equivalent individual graph varies from dbove 14% below 
that value. 

this connection, one might examine frequently quoted experiment 
cally constant 0.034 for velocities ranging from per sec 4.6 per 
sec, well into the region the Nikuradse dip; but, instead dip, there 
simply negligible tendency rise. 

The disagreement between random and uniform roughness cannot 


Treatise Hydraulic and Water Supply Engineering,” Fanning, Van Nos- 
trand Co., 13th Ed., 1896, 240, Table 59. 

Fluid Flow Rough Pipes,” Pt. Nikuradse, English translation The Petroleum 
Engineer, May, 1940, p. 78, Fig. 6. 

Flow Water Spiral and Other Pipes,” Schoder and Gehring, 
Engineering Record, Vol. 58, 1908, No. 
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avoided. dip the graph must occur when all elements require the same 
range velocities for the minimum resistance factor that precedes their fixed 
pattern flow. well-known fact that even spheres, certain range 
Reynolds numbers, are streamlined the viscous fluid, mainly behind 
them; but not necessary visualize the influence individual elements. 
These elements are all shielded the boundary layer until the velocity 
sufficient expose them. The guiding boundary, modeled crudely through 
the nonturbulent fluid, becomes rough enough cause pure turbulence when 
still smoother than the solid wall itself. When stronger vortices tur- 
bulence within the shielded depressions deplete the remaining nonturbulent 
fluid, the flow controlled the solid elements. The fixed pattern thus 
established and the friction factor has risen its normal constant. 


Reynolds Number—R 


Friction Factor—f 


Fic. 6.—One Unirorm Rovucuness Versus THE AveRAGE oF Six Decreps or ROUGHNESS 


Since the tendency dip occurs higher velocities for the smaller ele- 
ments, follows that only when many roughness elements are one size does 
the dip become perceptible; and, since each size roughness element con- 
tributes only minor tendency, the integrated effect does not materially lower 
the graph whole. Even the lowering were appreciable, correction 
would necessary, since the selected value must any case come from 
natural pipe possessing that quality. 

The most logical procedure therefore assume the perfect dynamic law 
with its horizontal graph, and modify only reason exists—rather 
than supply some variable general function presumed required, and 
most occasions reduce constant. The constant complete des- 
ignation the relative roughness pipe; would unfortunate indeed 
artificial surface with maximum departure from the pure law should 
chosen standard for comparing other surfaces that general show such 
departure. 

Artifically Prepared Random Roughness.—To simulate the inside surface 
rough pipe and the same time insure that pipes various diameters would 
present the same absolute roughness, the writer outlined investigation based 
artificial linings. The material selected was No. sheet steel, which was 
sprayed uniform coating stainless steel. Large sheets were prepared 
this manner with controlled adjustment, and the various linings were cut 
from these sheets. The lining for each the five pipes was annealed and 
formed special die fit inside its respective standard pipe. For 
sizes in., and in. (iron pipe size before lining), brass pipe was 
used for the casing. The 4-in. size was made fit 4-in. (inside diameter) 
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Shelby tubing. The predominating length lining was and the total 
length each test specimen was diameters for the largest size, and 100 
diameters more for the other sizes. 

The characteristics this surface were entirely satisfactory for the purpose. 
The random nature the roughness elements was sufficient prevent most 
the dip the beginning full turbulence, the l-in., and 4-in. sizes 
showing substantially none. The fact that the was well distributed 
longitudinally along the pipe prevented long transition. The results were 
close conformity with those for moderately rusty iron pipes. The surface 
was somewhat rougher than that the smoothest rusty pipe, but decidedly 
smoother than the Schoder 2-in. rough pipe previously mentioned and even 
smoother than the rusty pipe Fig. The results taken from the 4-in. size 
are shown Fig. The other four pipes showed approximately the same 
characteristics. The probable deviation for individual surface 2.1%. 
This type surface also serves relieve the impression that there merit 
knowing the exact size shape the roughness particles. 


0.05 

2 

0.01 

2000 


Reynolds Number—R 600,000 


Fic. 7.—AntiriciaL Ranpom Roveuness uw a 4-In. Pips 


keeping with the nature rough and moderately rough iron pipes, the 
change from partial turbulence full turbulence came substantially the 
same velocity for all diameters, when corrected proportionately for viscosity. 
The breakaway with this particular surface came somewhat less than per 
sec, This break will shown correlate with the roughness 


The need for simpler method finding the resistance flow smooth 
pipes gained added emphasis through the fact that flow rough pipe con- 
forms closely that same law within the range partial turbulence. 
single formula for when properly adjusted for localized losses, thus serves for 
all smooth pipes, and also for rough pipes the velocities are less than the 
velocity which causes full turbulence. 

number simple formulas available within given range Reynolds 
numbers; but the attempt extend the range indefinitely rationalizing 
some treatments has produced unnecessary complexities. Such methods still 
include empirical steps which prevent purely rational interpretation. 
this respect, one might question the validity assuming that infinite 
Reynolds number would accompanied zero friction factor, since this 
assumption reacts against simplicity. Consider the use various fluids with 
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progressively decreasing viscosity. The flow with each higher Reynolds 
number course more turbulent than with the preceding one, yet the layer 
fluid contact with the wall still interlocked mechanically with the 
molecular structure. The turbulent flow contact with either this boundary 
layer the surface itself furnishes the condition for impact without compen- 
sating reflection. The resistance cannot therefore approach zero with the 
approach zero viscosity. similar conclusion reached for those large 
Reynolds numbers that result from large physical dimensions. Since the 
loss head (in terms velocity head) that results from length pipe equal 
one diameter, the length approaches infinity the same manner that the 
diameter approaches infinity. Thus the abstract here also approaches some 
positive finite value. This limiting value dependent only the fact that 
the fluid attaches itself the walls the pipe. 

One should reluctant discard the advantages the type formula 


and the other constants and are correct for the required range. Within 
the range present knowledge (which extends Reynolds number 
equivalent velocity per sec 8-ft pipe), the variable part 
may assumed change inversely with the cube root the Reynolds 
number. Whether not this condition extends the theoretical limit 
not pertinent practical needs. The important fact that this simple 
funetion correct throughout the usable range and approaches 0.0061 asa limit. 
The experimental data that led the following formula were observed 
connection with the calibration some equipment installed 1945 the 
laboratory the University Washington Seattle. The pipe was brass, 
19.5 long with average inside 
diameter 2.050 in. The water TABLE FROM 
seale and the head was measured 
open columns mercury. Velocity Reynolds Friction 


retained and the new data were 47.51 49.6 693,000 0.0124 Mereury 


e 83.4 916,000 | 0.0118 | Mercury 
accepted for the higher Reynolds 69.43 0.0116 Mereury 


numbers, ranging from approximately 
100,000 more than 

With 0.0316 for Reynolds number 10,000 and the observed 
values taken from Table 


0.55 


The advantage pure cube root from the standpoint easy application 
obvious, and the rational aspect may more than implication. 


**On the Flow of Viscous Fluids Through Smooth Circular Pipes,” by Charles H. Lees, Proceedings, 
Royal Soc. London, Series Vol. 91, 1915, 46. 
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Even more important than its discovery through simple experiment, 
however, the agreement Eq. with other reliable data. Intersecting the 
Blasius line Reynolds number 10,000, the graph follows closely below 
that line, recrossing 49,000. Continuing throughout the data that sup- 
and who included their study the noteworthy experiments 
also conforms the Nikuradse 3,200,000, within normal 
error those points. These facts are easily verified with refinement 
than necessary. not more precise information that needed, but more 
workable method interpreting that already hand. (No comparison 
made with the Nikuradse formula itself. secure the small exponent 
0.237 one must ignore the disagreement low Reynolds numbers and assume 
agreement, points beyond physical verification, with formula that 
makes approach zero with the approach infinite Reynolds number. 
When reaching beyond the range already examined, would seem unwise 
sacrifice expediency and retain feature even mildly against safety.) 

addition the obvious purpose Eq. for smooth pipes and for partly 
turbulent flow rough pipes, its graph also furnishes the stem from which the 
constant full turbulence factors spring, shown Fig. and subsequently 
Fig. there transition, the junction point can located more defi- 
nitely extending the horizontal line back from the higher velocities where 
firmly established. This point the graph smooth pipes thus marks 
the division point between partial turbulence and pure turbulence rough 
pipe. 

Solving for the Reynolds number Eq. and knowing that complete 
turbulence indicated the appearance constant factor, one finds the 
Reynolds number which pure turbulence pending: 


0.55 


which the constant for full turbulence. 


SAME MATERIAL AND VARIOUS DIAMETERS 


method correlating pipes made the same material, and thus 
evaluating the influence relative roughness, furnished through the fact 
that the excitation for full turbulence depends the size and the shape the 
pattern roughness rather than the diameter the pipe. Eq. based 
the pipe diameter, whereas the break full turbulence responds the 
Reynolds number the pattern. Hence, numerical value required for 
this Reynolds number the pattern. The only essential fact that re- 


18 ‘‘Similarity of Motion in Relation -. the Surface Friction of Fluids,” by T. E. Site and J. R. 
Pannell, Philosophical Transactions, Royal Soc. London, Series Vol. 214, 1914, 

Friction Factor for Clean Round Drew, Koo, and McAdams, 
Transactions, E., Vol. XXVIII, 1932, 56. 

Upon the Flow Water Pipes and Pipe Fittings Made Nashua, New Hampshire, 
June 28 to October 22, 1892," by John R. Freeman, A. 8. M. E., New York, N. Y., 1941, p. 83. 


16 “‘Gesetzmissigkeiten der turbulenten Strémung in glatten Rohren,’’ by J. Nikuradse, Forschungsheft, 


Verein Deutscher Ingenieure, No. 356, September—October, 1932, p. 30, Table 9 
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mains constant with changing diameter. Therefore, with the constant friction 
factor known for one diameter, the corresponding factor for any other diameter 
with this same pattern roughness can taken from Eq. but with Rey- 
nolds number the pipe proportion the diameter. Accordingly, the 
constant friction factor known for 

pipe whose diameter D,, the cor- TABLE Data 


responding value for pipe whose Pipes 


0.55 STEEL LININGS 


3 
centigrade 
and, since the controlling Reynolds sec) 


number for the factor 


30.2 

sults which independent the Rey- 0.0148 
0.0061 


Defining the friction factor the 
specific roughness for unit 


diameter ft, the foregoing formula 
becomes 


Friction Facrors: 


(a) Diameter D = 0.294 IN. 


0.0140 


0.0061 


which the diameter, feet; and 
the friction factor used with 
that diameter. test any size pipe 
veals the same value 

Uses the Specific Roughness Co- 
experiments 
rough pipes were required the deri- 
vation any the foregoing formulas, 
quantitative values must derived 
from tests made actual surfaces. 3.898 

efficient for the five pipes having the 
less steel was 0.0146, given Table 

The five individual points, taken from 

the higher velocities only, are shown Fig. The graph determined 
Eq. and gives the friction factors for all pipes made with that same interior 
surface. 

The identification this surface its specific roughness coefficient 
further illustrated Fig. The horizontal line indicates the average the 


0.0247 0.0142 


0.0154 


(3) 
0.0247 
10 0.0246 
5 
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foregoing five specific roughness coefficients. The points are the individual 
specific coefficients computed from fifty-three observations, ten more 
each the four larger pipes. (The respective diameters were 0.541 in., 0.976 
in., 1.955 in., and 3.899 in. Flow the fifth pipe with diameter 0.294 in, 
was nonturbulent below 
Reynolds number 6,000.) 
All velocities were adjusted 
making the velocity for full 
turbulence equal 3.5 per 
sec. The inclined line 
pipes. 

The average specific 
roughness coefficient, com- 
Diameter Inches puted Eq. for Niku- 
radse’s smallest sand grains 
that were used all three 
his pipes, 0.0152. These 
three points, shown the 
lower line Fig. 10, fall reasonably the graph. Nikuradse’s experiments 
with the largest sand grains reveal the average specific coefficient 0.0277 
shown the upper line. The effective diameter the smallest pipe when 
used with the largest sand grains sensitive the size roughness particles. 
assume section average area rather than clear opening, the extreme 
limit, may result negative sectional area for positive diameter. the 
radius were assumed smaller even one fourth the diameter the sand 
grains, that point would materially lowered. 


Equation (3) 


Friction Factor—f 


Fic 8.—Frictrion Factors ror TuRBULENCE IN Five 
DiaMeTers with RanpoM RovGHNESss 


3.898 Diom. 

1.955 

0.020 0.976 
@ 0.541 Diam. 


nt 


Specific Coefficie 


Velocity Feet per Second 


Fic. 9.—CorRELATION oF AppITIONAL TzsTs WITH THE AVERAGE FouND FROM 
Hiewer Vevociries as Usep in 8 


The Indez Full Eq. for the that embodied 
the Reynolds number and preserving the relation and the derivation 
Eq. one finds the index velocity for full turbulence: 


0.55 


cr 
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usual the viscosity obtained dividing the absolute viscosity 
the mass density w/g. (The kinematic viscosity water 

Since the roughness coefficient the same regardless the diameter 
from which found, the 
index velocity that fulfils 
the conditions for incipient 
full turbulence independent 
the diameter. This point 
even more stable than the 
critical point that indicates 
nonturbulence. Thevelocity 
marked the intersection 
computed Eq. using the 
average specific roughness 
Its correlation 
with the observed points 
should noted. When ap- 
plying Eq. make 
certain, course, that the 
roughness factors not in- 
clude localized losses. 


Friction Factor—f 


presented subsequently for Fie. 10.—Nixurapse’s Tares Pirzs Two Sizes or 


Sanp 
rough pipes 


above where friction factors are independent velocity temperature, 
could used comparing pipes the same velocity whether they are rough 
orsmooth. The specific coefficients Fig. for example were all adjusted 
diameter Eq. whether they were the constant roughness factors 
full turbulence the variable factors partial turbulence. Plotting these 
latter points according the velocity instead the Reynolds number keeps 
them the inclined graph because the relation Eqs. and When 
adjusting for significant temperature difference observe that the velocity 
which these variable friction factors are correct proportion the viscosity. 

greater than the highest velocity ever used for pipes with 
some particular surface, those pipes act smooth pipes, and making them 
smoother will not increase the flow. The friction factor should then taken 
directly from the smooth pipe formula. the other hand, very rough 
pipes, often small that partial turbulence ceases significant 
feature. there question, try both methods and select the larger value 

Concrete drain tile presents rough surface, particularly when the open 
joints are included. The irregularity manufacture and placement makes 
this condition severe test roughness coefficient. series 
experiments the University Iowa City serves indicate the 


“The Flow of Water in Drain Tile,” by D. L. Yarnell and Sherman M. Woodward, Bulletin No. 854, 
U.S.D.A., Washington, D. C., 1920, p. 1. 


E 
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correlation this Fig. shows the six friction factors measured 
for diameters in. in., inclusive, for velocities above the index for the 
surface alone. The graph computed Eq. using the average their 
specific roughness coefficients. The probable deviation for pipe selected 
random, even with all its crudity, less than 7%. 

Concrete Pipes—The 
laws that control being 
universal application for 
general, the identi- 
fication surface its 
breaking away from the in- 
fluence viscosity sup- 
plied Eq. and therefore 
may widely extended 

range diameters, with 

approximately the same nature surface. 1920 exhaustive study 
these pipes was reported the United States Department 
Nine years later Fred Scobey, ASCE, gave digest these findings 
for the American Water Works The pipes this latter report 


40 
Diameter Inches 


w 
w 


0.030 


Friction 


0.04 


0.03 


Friction 


0.01 


Fic. 


are included the following study except those described probably contain- 
ing deposits sand vegetable growth, short reaches questioned the 
digest, jointed pipes less than diameter, and one old test Fanning, 
having insufficient description. 


Flow Water Concrete Fred Scobey, Bulletin No. 862, Washington, 
C., 1924, 95. 


19 ‘Coefficients of Flow in Concrete Pipe,” by Fred C. Scobey, Journal, A.W.W.A., January, 1929, p. 1. 
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Mr. Scobey found the exponent substantially accepting 
this perfect square, one accepts constant for all velocities, and classifies the 
data coming from pipes pure turbulence. 

The average specific roughness coefficient for these typical concrete pipes 
0.0171 0.0002. Fig. shows the graph for this specific roughness. The 
solid circles indicate cement lined pipe. The general agreement the points 
with respect the graph (the shape which comes from Eq. indicates the 
reliability the data and the method. Semilogarithmic plotting used 
Fig. because the ratio diameters more important than their actual 
magnitudes. 

The pipes included this study not necessarily represent materials and 
workmanship yet bedeveloped. They are chosen typical examples illus- 
trate the use single specific roughness coefficient for all pipes given 
material. 

well note again why Kutter’s larger for the larger pipes, inas- 
much was conceived factor remaining constant for all diameters. 
The formula, making substantially the same percentage correction for 
relative roughness whether the pipe rough smooth, overcorrects even 
these moderately smooth pipes. The result this defect has usually been 
explained away assuming the larger pipes actually rougher, as- 
sumption generally contrary fact. has stated that the proper 
for 50-in. concrete pipe 10% greater than that for 18-in. pipe the 
same workmanship. This 10% increase small matter. applied 
one two pipes the same diameter, would mark that one for approxi- 
mately 20% more loss. The variation being reverse also leads the 
erroneous conclusion that the larger pipe made the greater its roughness 
becomes. formula serves useful purpose for smooth surfaces, not 
even for pipes. The this example varies much the which 
supposed correct. The Manning formula has this same characteristic. 

Analysis with Eqs. and 
concrete pipes the cate- 


To. 
gory full turbulence 
justified. Atordinarytem- 


dex velocity from Eq. 


Effect Localized Reynolds Number—R 100,000 
. - 


losses resulting from obstructions defects widely separated act 
individually not affect the index velocity. Friction factors reported are 
not always free from such influence. Since these localized losses usually vary 
with the square the velocity, they add constant amount (natural numbers, 
not logarithmic) the value whether the flow partly turbulent fully 
turbulent. The augmented graph should not confused with real transition 


> 
> 
q 
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resulting from two more degrees acting separately the same 
length pipe. 

Fig. shows the effect obstruction the midpoint 2-in. pipe 
long. The lower line the graph the pipe before the obstruction was 
introduced. The upper line the result partly closed standard gate 
valve this midsection. The important fact that the surface loss remained 
substantially unchanged. 

The average specific roughness coefficient for the five bell-jointed pipes, 
shown plain open Fig. 12, 0.033. This value approximately 
double that for continuous pipe. The index velocity however, responds 
more nearly the surface roughness. This fact confirmed the higher 
values found below that velocity. The data the drain tile previously 
mentioned include more low velocities and therefore show more definitely that 
the point change corresponds the specific roughness coefficient con- 
tinuous pipes. 

Old cast-iron pipes that have become tuberculated with large, widely 
spaced blisters fall the category pipes with localized losses and should not 
analyzed Eq. until reasonable estimate these losses has been made 
and the friction factors reduced that amount; but, since these old pipes 
operate predominately full turbulence, not important. 

New Iron iron steel pipes are usually listed under the old 
name, “wrought iron.” Until these pipes have rusted, the friction factor for 
the greater part the surface the same that for any other smooth pipe; 
but with ordinary defects manufacture, including roughness along welded 
rib, there generally appreciable area rough enough full turbulence. 
The net result, therefore, long transition resulting from two separate degrees 
roughness. 

The experiments Mr. show wide variety surfaces the new 
iron pipes ofanearly period. Despite this variation, his measured results can 
secured supplying approximately three fourths the length with the smooth 
pipe coefficient and the remaining length with specific roughness coefficient. 

have smoother surface 
centage thesurface smooth. 
other words, uniformity 
surface and the prevention 
corrosion are more important 


Friction 


0.02 than high polish. 


surfaces become rusty, and 
tuberculated when exposed water with various chemical impurities 
beyond the scope this paper; but impression what may occur 
years can obtained from description Charles ASCE, 
Four pipes described Mr. Capen, are: The 42-in. Pequannock 


Coefficients Large Pressure Pipes,” Charles Capen, Journal, A.W.W.A., January, 
1941, p. 1. 
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conduit No. the 48-in. Pequannock conduit No. the 48-in. Pequannock 
conduit No. and the 72-in. Rockaway conduit No. Fig. shows the 
friction factors these pipes, interpolated for the age 25years. They exhibit 
irregularity, even for the two pipes the same size, but clearly indicate cor- 
relation with diameter. The specific roughness coefficient 0.0617, indicating 
loss head approximately two and half times that concrete pipe. 
Much the indicated “roughness” may result from neglecting the change 
diameter caused internal surface deposits. 

Wood Stave staves present surface that reasonably the 
same for wide range diameters; but contradictions published data cause 
one hesitate drawing general conclusions. Fortunately the presence 
localized loss does not change the general shape the slope the graph but 
simply lifts the graph higher level. When small percentage the 
length partial turbulence, the otherwise horizontal graph inclines only 
slightly; approximate analysis possible. 

early impression that wood stave pipe remains smooth throughout 
long life was furthered placing too great emphasis data from low velocities 
where considerable roughness makes difference. There unmistakable 
evidence that specific roughness coefficient develops wood stave pipes 
within few months. With approximate value 0.015 mind one should 
not expect any considerable departure from smooth pipe coefficients veloci- 
ties less than per sec (3.08 per sec 55° F). 

Examination the data compiled Mr. determining his 
exponential formula reveals, among other things, the ill effect vertical and 
horizontal curves sequence continuous stave pipes, well the ill 
effect poor alinement jointed pipes. Since these and other defects are 
often present, there should added the coefficient for either partial full 
turbulence amount that may exceed 0.008. There are deviations from this 
value but would seem unwise cover poor workmanship the effect 
disintegrated surface sweeping factor safety. 

Open Channels Relation Closed the foregoing treatment 
flow pipes, all equations are referred the diameter. Hydraulic radius 
not used for pipes because unsatisfactory correlating factor. For 
example, common knowledge that even semicircular flume does not 
correspond half closed pipe that size. 

Adaptation open channels, far pipes and channels agree, can 
made the well-known relationship between the and the 


often overlooked. The equation simply means conversion. 


Although this paper not one which expand the subject open chan- 
nels, the writer will not refrain from suggesting the use specific channel 
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based the hydraulic radius ft. The simple mathematics 
shown herein, when accompanied factor,” furnishes the method 
application. With each surface identified its specific coefficient, the need 
for Kutter’s Manning’s Bazin’s will disappear. The specific 
channel coefficient for given surface the Chezy corresponding the 
friction factor for 48-in. pipe having that same surface. course, the 
should found measurements open channels, which case the error 
reduction round pipes avoided. surface has its own channel coeffi- 
cient and, other things being equal, the flow proportional it. 


DIAGRAMS FOR SMOOTH AND 


method applying the foregoing treatment incorporated the 
following diagrams. Pipes fall into two categories: (1) Smooth pipes, rough 
pipes below the index pure turbulence; and (2) rough pipes pure turbulence. 

Smooth graph Eq. Fig. serves all smooth pipes and 
all fluids whose viscosities are known—oil, air, water, etc. The upper scale 
convenience for use with water only. reads directly for water 
55° and can adjusted for other temperatures shifting the upper 
grid amount and direction indicated the temperature scale shown 
the chart. 

Rough velocities less than the index velocity taken from 
Fig. 16, rough pipes require the same coefficients shown for smooth pipes. 
They are accordingly served Fig. 15, provided any localized loss added. 
surface with roughness reasonably distributed does not itself produce 
localized loss. 

Friction factors for 
locities greater than de- 
pend only the diameter 
and the specific ronghness 
coefficient the surface. 
With these known, the de- 
sired constant friction factor 
case covers broad field 
civil engineering which 
the friction factor not 


influenced velocity 


Locity Propuctne TurBuLENcE 
broadened because the con- 


trolling velocity for designing pipe line its highest velocity; and the 
specific roughness coefficient generally adopted for future years. 

possible type diagram that would include both rough pipes and smooth 
pipes could prepared superimposing the horizontal lines from Eq. the 
Eq. Making the interval between horizontal lines correspond 


Specific Roughness. Coefficient—f 


Velocity Feet per Second 
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the change friction factors caused successively doubling the diameter 
would give diagram similar the one usually shown for the Nikuradse data. 
experimental information would required making this diagram for 
rough pipes. Experiments would only necessary make applicable 
specific surfaces. The dip would naturally lacking, should for 
random roughness. Such method implies need for linear measure the 
roughness pattern, and suggests the finding Reynolds number whether 
pertinent not. simpler depend friction factor measured for 
one diameter, and proceed relative diameters, Fig. 17. 


Ya le 1% 48 96 6 


Fic. 17.—Ixrivence or Diamerer on Friction Facrors 1x Fort TursuLence 


Specific Roughness Coefficients for Pipes.—The specific roughness coefficient 
being the constant friction factor for 1-ft pipe, may found from ex- 
periment pipe any diameter Fig. Eq. Material and 
workmanship will follow the trend the times, and better measurements 
the field will strengthen the accumulated data. the meantime, the following 
typical examples aid securing reasonable design: 


‘ax 
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stainless steel the rough ........... 0.0146 3.5 
Wood stave pipe, old 0.0150 3.0 
Concrete pipe, straight continuous; also cement lined 

Black pipe, years old, surface only............. 0.018 1.5 
pipe, bare 0.023 
stave pipe, continuous with horizontal and 

vertical curves, and jointed pipe with average 

pipe, average for permanent city mains 0.028 
Concrete pipe, in. and under, bell 0.032 
Cast-iron pipe, old and 0.042 
Riveted steel, years old and tuberculated....... 0.062 


(In items and the turbulence index responds the surface roughness, 
not the localized losses.) 


REMARKS 


The rational aspects flow pipes deserve more confidence than has 
usually been given them. The arguments presented the preceding pages 
have accordingly been directed the relation topics and not the chrono- 
logical order which the factual material has appeared print. Any simplifi- 
cation has come from adhering closely the basic physical laws rather than 
from attempting circumvent those laws individual experiments. Much 
the complexity that often results from meticulously examining too narrow 
field can thus avoided. 


| 
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DISCUSSION 


Assoc. ASCE.—The Darcy equation probably 
the best method for computing flow liquids pipes, but the Hazen- Williams 
formula, spite its fallacy, expressed the paper, excellent formula 
for computing flow water pipes. The Hazen-Williams formula usually 
expressed 


The formula may also expressed for flow circular pipes the 
manner: 


which the rate flow cubic feet per second; the diameter the 
pipe feet; the head loss feet per 1,000 pipe; and coefficient. 
this form Eq. may solved directly for and are known; or, 
may solved directly for and are known, which avoids the trial 
and error solution necessary the Darcy equation. 

experiment the flow water pipe made the water supply 
system the Port Manzanillo, Colima, Republic Mexico, from which 
the following information was obtained, The basic data were 
follows: 


Description 
Length Pipe— 
kilometers 


Rate Discharge— 
cubic meters per second 
cubic feet per second 


The pipe was described being of, iron, very smooth surface, and 
uniform diameter.” Using the given data—V 4.39 per sec, 0.0179 
the Darcy equation, and 140 the Hazen-Williams equation. 
early 1905 coefficient 140 was predicted for best cast iron pipe, 
laid perfectly straight, and when new” Gardner Williams and Allen 
Members, ASCE. The experiment Manzanillo, pipe approxi- 
mately miles long, indicates the accuracy the predicted coefficient. 

Flow water pipes may computed the use the Hazen-Williams 
equation and checked the Darcy equation using appropriate friction factors. 
The Hazen-Williams formula apparently gives good results and popular 
among practicing engineers. 


= “‘Hydraulies,” by Pedro J. Dozal, Talleres Gréficos De La Nacién, Mexico, 1938, p. 322. 


Tables,” Gardner Williams and Allen Hazen, John Wiley Sons, Inc., New York, 
N. Y., Ist Ed., 1905, p. 3. 


932 
Diameter Pipe— 
Available Head— 
0.042 
® Associate Prof., Dept. of Civ. Eng., Agri. and Mech. College of Texas, College Station, Tex. 
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ASCE.—To present the more recent knowledge 
regarding the loss head pipes, form that the practicing engineer can 
understand and use, most commendable. The writer finds much the paper 
with which entire agreement including several worthwhile original ideas. 
The point that old experiments contained many more values low velocities 
than high velocities, and that this led the notion that always decreased 
with increasing velocity, very good. Fig. certainly shows the short-comings 
the formulas that resulted. 

The explanation why the the transition from smooth rough 
pipe flow, which Nikuradse found with uniform roughness, does not occur 
pipes, praiseworthy; but, the author’s idea that most pipes 
with which engineers deal are like the pipes Tables and questionable. 
Apparently these pipes reported the paper had roughness particles varying 
sizes, but with the variation very uniformly distributed along the length. 
the author shows, this leads sudden change from smooth pipe flow rough 
pipe flow certain critical Reynolds number, which simultaneous through- 
out the pipe. Mr. Harris points out that, certain reaches the pipe are 
rougher than others, the total drop head for the entire length will indicate 
friction, intermediate between the f-values the separate reaches, and there- 
fore will show transition such found Assuming that 
this the correct explanation, many pipes used water supply and other 
fields must then have this unequally distributed roughness because the experi- 
ments John Freeman,?’ Past-President and Hon. ASCE, and many 
others show such transition. seems, therefore, that engineers should 
conservative and use based Mr. Colebrook’s transition— 


187 


—for naturally roughened pipe, until this transition region has been investi- 
gated further. (In Eq. represents the equivalent sand size roughness, 
originally called Mr. Nikuradse, and must the same units D.) 

Eq. made equal zero, Eq. becomes the Nikuradse formula 
for smooth pipes. Eq. remarkable agreement with this formula for all 
values from 36,000 3,000,000, the maximum difference the value 
the two formulas being 0.0002; but they begin deviate rapidly for higher 
values The author states that the present knowledge extends only 
Reynolds number equivalent velocity per sec 8-ft pipe, which 
58° gives Reynolds number 3,200,000; but Fred ASCE, 
has reported tests the Ontario Power Tunnel Niagara Falls Canada 


Prof. Mechanics, Ohio State Univ., Columbus, Ohio. 


Flow Pipes, with Particular Reference the Transition Region Between the Smooth 
and Pipe Colebrook, Journal, Inst. E., Vol. 11, 1938-1939, pp. 133-156. 
Upon the Flow Water Pipes and Pipe Fittings Made New Hampshire, 
to October 22, 1892," by John R. Freeman, A.S.M.E., New York, N. Y., 


Loss Ralph Powell, Experiment Station News, Ohio Univ., Columbus, 
April, 1946, 16. 


Fluid Mechanics,” Hunter Rouse, John Wiley Sons, Inc., New York, Y., 1946, 
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per sec and 18-ft-diameter pipe. Assuming temperature 55° this 
gives Reynolds number 27,500,000 and was found 0.00694. The 
Nikuradse formula gives 0.00703 and the Harris formuia, 0.00792. Therefore, 
Eq. should not used for Reynolds numbers greater than 3,000,000 and, 
since graph will ordinarily used rather than formula, would seem that 
the Nikuradse formula the best. Fig. gives plotting Mr. Nikuradse’s 
formula the middle part the range. algebraic formula desired, 
the writer suggests 


0.42 


The author seems troubled the fact that the Nikuradse formula gives 
zero value for infinite value There something logically dis- 
turbing this fact, but when one computes that necessary 
Reynolds number about five hundred million bring down 0.005, and 
nearly million million bring down half that amount, the practical 
engineer need not greatly worried. 

The derivation Eq. based the assumption that the velocity, 
which divides smooth pipe flow from rough pipe flow, the same for all 
diameters pipe long the absolute roughness remains the same. This 
fact, according the author, was shown “substantially” the experiments 
listed Table 3—that is, the “breakaway point” came “somewhat less than 


which Mr. Nikuradse’s equation for rough pipes. the other hand, 
making and simplifying, 


which the Nikuradse equation for smooth pipes. Solving Eqs. simul- 
taneously determine the critical point where smooth pipe flow changes 
rough pipe flow there transition, 


Hence, with constant absolute roughness and viscosity, varies inversely 
the square root Thus, 3.50 per sec for the pipe Table 
would 3.50 2.90 per sec for the }-in. pipe and 
3.50 4.06 per sec for the 4-in. pipe. This too much 


€ 
9.31 
or 
evi 
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variation ignored. From this point view Eq. changes 


the old and tried Chezy formula still has champion. this phase hy- 
draulics much confusion has resulted from the use many exponential for- 
mulas, some which have become entrenched current thinking that 
will difficult eradicate them, but eradicate them must progress 
made. Empiricism must give way rationality and the complex con- 
cept the simpler concept. 


New 


Diameters, 


Line Authority Lost head, hy, in feet,* equals: 
12 36 36 
1 ‘tJ. Velocity, in feet per second 3.0 2.0 10.0 
3.2 0.31 7.3 
a 0.0215 Dus 2.8 0.36 8.1 
5 Scobey? 3 0.3 9.2 
6 0.000343 2.9 0.37 8.5 
7 0.00036 Dia 3.0 0.35 7.8 
Lv? 
8 Manning......... 2.87 X 0.012? x pa 3.7 0.38 9.5 
L vz 
9 3.2 0.37 9.25 
10 Percentage range of diversion from the Harris formula 0 to +15/0 to —16/0 to —21 


addition the notation the paper, radius D/2. For smooth pipe. 


special interest the writer were the head measurements Table 
wherein differential water levels were determined 0.00037 ft. Such refine- 
ment not all impossible; remote registering instruments which water 
surfaces are recorded within error +0.006 in. (0.0005 ft) electronic 
probes have been specified for the Waterways Experiment Station Vicksburg, 
Miss. The probe system itself sensitive 0,002 in. 


Engr. (Stevens Koon), Portland, Ore. 
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the twilight zone between nonturbulent flow and fully turbulent flow 
that has given rise these many exponential formulas. For nonturbulent 
flow, wherein lost head varies with the first power the velocity and the 
velocity distribution parabolic, the Poiseuille formula mathematically 
correct and needs empirical coefficients. For fully turbulent flow, the 
Darcy-Weisbach variation the fundamentally correct Chezy formula has 
extreme simplicity its favor. The use specific friction factor which 
depends solely roughness and independent pipe diameter novel 
concept. was originated the author surely deserves signal credit 
for it. The next step follows logically; the friction factor for the particular 
pipe question readily found from the specific friction factor and the pipe 
diameter. may obtained directly from Fig. 17. 

The imperfect partial turbulent phase embraces most the pipe flows 
actual use. the transitional nature flow pipes that has given rise 
many empirical exponential formulas that are applied quite indiscriminately, 
far beyond the limits the experimental data which they are based. This 
can readily become most inaccurate expedient, illustrated Fig. for 
values beyond the velocity that indexes fully turbulent flow. This example, 
however, appears extreme case. 

The writer was mildly surprised find that for the velocity ranges normally 
encountered engineering practice the many formulas give results not too 
far apart for given pipe. satisfy his curiosity this regard tabulated 
the flow for eight formulas for new cast-iron pipe, two diameters, and three 
velocities. The results are give Table The percentage range diver- 
gence from the Harris formula (line Table compared line 10, Table 


cial Roughness Versus Natural Surfaces: Uniform Sand the author 
states: 


“Since the tendency dip occurs higher velocities for the smaller 
elements, follows that only when many roughness elements are one 
size does the dip become perceptible 


With this statement and its elucidation the author has resolved the long- 
standing conflict between the painstaking and undeniably accurate work 
Mr. Nikuradse, and its equally obvious failure accord with experience 
commercial pipe. 

addition this fundamental contribution the basic understanding 
flow, the author has rendered service engineering his consolidation 
known results, his establishment criterion (his value R,) for the 
transition point purely turbulent flow, and his discovery the “specific 
roughness coefficient.” 

Without commenting the relative merits Eq. and the more usual 
Blasius expression for this range close examination the experimental data 
being necessary this justly), would seem the writer that the 
pattern reorganization and simplification pipe friction data into three lines 

Associate Prof., Dept. Civ. Eng., Texas Technological College, Lubbock, Tex. 
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(log log R)-graph, two them universal and the other horizontal 
line with its ordinate depending the specific roughness coefficient, deserves 
become the standard engineering practice. may that the factor 
0.0061 some the values the tabulation under the heading, 
grams for Smooth and Rough Pipes: Specific Roughness Coefficients for 
may subject change under closer scrutiny; that small matter. The 
important thing that designers now have definite rational basis for the 
engineering treatment pipe friction. 


ASCE.—In promoting the use the Weisbach formula 
for head loss fluid flow, opposed empirical formulas, Mr. Harris has 
done the engineering profession service. The empirical formulas are based 
experiments covering limited range flow conditions; and, although they are 
undoubtedly correct within this range, they are not correct when extrapolated 
far beyond it. For this reason the use the Weisbach formula with friction 
coefficients depending the type surface and the Reynolds number should 
encouraged. However, there are number items the paper with which 
the writer disagrees. Although some these undoubtedly result from personal 
viewpoints, others seem such fundamental importance warrant 
discussion. 

The author’s concept viscosity does not appear harmony with the 
kinetic theory. Since viscosity that property fluid which enables 
transmit shearing stress, the supposition fluid resistance existing 
fluid zero viscosity, zero shear, simply contradiction terms. 
The “mechanical interlocking” the wall merely momentum exchange 
caused molecular activity. The concept zero viscosity implies the 
complete absence momentum interchange molecular action; and, con- 
sequently, the complete absence shearing resistance, both the interior 
the fluid and the boundary. Accordingly, the concept zero friction 
factor infinite Reynolds number caused zero viscosity not all 
inconsistent. 

Furthermore, Eq. not supported actual test data. 
made data for bituminous-coated steel pipe presented the 
which was about 0.0082 Reynolds number 10,000,000. yields 
Assoc. ASCE, and Wing,* ASCE, which show values for the 
tunnel the Ontario Power Company Niagara Falls Canada, tunnel 
power plant Livenza, Italy, and the conduit Englewood Dam Ohio. 
The Reynolds number these data ranges between 3,000,000 and 
40,000,000. The values are lower than those given Eq. but are 
substantial agreement with the von smooth pipe curve. 

difficult understand the author’s conclusion that complete turbulence 
exists soon the condition for smooth pipe flow longer fulfilled. 


® Associate Director, Eng. Experiment Station, Univ. of Tennessee, Knoxville, Tenn. 


actions, Vol. 113, 1948, pp. 1027-1046. 
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arrive this conclusion, necessary ignore the work 
sented each these indicate zone between the region smooth pipe 
flow and that compléte turbulence where the friction not constant, but 
varies according some law not yet fully understood. 

The author’s statement (under the heading, Principles”) that 
viscosity plays part the loss head the fully turbulent flow 
most frequently encountered moderately rough pipes and 
somewhat misleading. The flow most frequently encountered not fully 
developed turbulence with constant friction factor. Most the test data 
presented the many experimenters the field fluid friction show friction 
factor varying with Reynolds number. This result holds true for all the 
formulas which the exponent the velocity other than Most 
the empirical formulas that have been presented are correct for the data 
which they were based, and dismiss them inadequate because they not 
represent constant factor least arbitrary. quite possible accept 
these equations for what they are, explaining their divergences, and assigning 
them their proper place the general field pipe friction knowledge. 

The author also states (under the heading, Pipes Same Material 
and Various Diameters: Open Channels Relation Closed that: 
“Hydraulic radius not used for pipes because unsatisfactory corre- 
lating Throughout the paper has used diameter for correlating 
pipe flows; and, since the hydraulic radius pipe simply one fourth its 
diameter, equally good correlating factor. 

The author would helpful explained how differentiate between 
series localized losses and rough pipe. the writer’s understanding the 
paper correct, smooth pipe may become rough pipe there are enough 
localized disturbances. The dividing line between these two concepts 
not clear. 


James Jun. ASCE, anp Owen.**—A simplifying 
unification, Mr. Harris’ opinion, existing methods analyzing flow 
closed conduits has been presented this paper. The author’s concept this 
problem, which three distinct types flow are characterized straight 
line functions friction factor, versus the Reynolds number, log- 
plot, shown Fig. 18, can examined further the light 
additional data not included the paper. 

The three modes flow represented Fig. 18—those nonturbulent 
laminar flow, partly turbulent flow, and fully turbulent flow—were first noted 
and are now generally accepted the profession. (The 


%*‘Laws of Fluid Flow in Rough Pipes,” by J. Nikuradse, English translation in The Petroleum Engi- 
neer, March, 1940, pp. 164-166; May, 1940, pp. 75, 78, 80, and 82; June, 1940, pp. 124, 127-128, and 130; 
July, 1940, pp. 38, 40, and 42; and August, 1940, pp. 83-84 and 87. 


Carrying Capacity Pipes with Age,” Colebrook and White, Journal, 
Inst. C. E., No. 9, 1937-1938, pp. 381-399. 


*” Research Asst. Prof. of Fluid Mechanics, Univ. of Illinois, Urbana, Ill. 
** Research Asst. Prof. of Theoretical and Applied Mechanics, Univ. of Illinois, Urbana, Il. 
% Forschungsheft, Verein Deutscher Ingenieure, No. 361, 1933. 
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16,200, and greater than 16,200, respectively.) stated the 
author, nonturbulent laminar flow subject rational analysis, partly 
turbulent flow governed the smooth pipe law which has been well estab- 
lished experimentally, and full turbulence characterized constant 
friction factor. 


10° 2 4 6 8 409% 6 8 19° 2 s 6 


Reynolds Number-R 


The author’s experimental evidence indicates that these three types 
flow were obtained 2-in. and 4-in. pipes. However, his data show abrupt 
transition from partial turbulence (that is, smooth pipe curve) full turbulence 
(that is, constant f). 

This manner transition does not agree with the published work 
Hunter ASCE, and Lewis all whom 
present gradual transition curve between partial and full turbulence ex- 
tending over considerable range the Reynolds number. The Colebrook 

2.51 


(in which the wall particle size and the other terms are previously 
defined)—was plotted Fig. show the generally accepted gradual 
transition from partial full turbulence. The value k/D (the relative 
roughness factor, Eq. 12) was determined substitution the averages 
value 0.0278 obtained from values greater than 16,200 Table 
the von equation— 


—for fully developed turbulent flow rough pipes. will noted that the 
Colebrook function applied the author’s data does not agree with the 
straight line curve used the author until Reynolds number more than 
300,000 approached. This finding consistent with those other investi- 
gators—namely, Mr. who shows full turbulence developed when 


Boundary Hunter Rouse, Proceedings, Hydraulics Conference, 
Bulletin No. 27, Univ. Studies Eng., Iowa City, Iowa, 1943. 


Factors for Pipe Flow,” Lewis Moody, Transactions, A.S.M.E., Vol. 66, 1944, 671. 
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When applied the author’s data for 2-in. pipe, Eq. gives 321,000 
the point which full turbulence may expected developed. 

Since the author’s data and curves did not agree with other investiga- 
the writers undertook clarify the 2-in. pipe curves making 
tests 30-ft section moderately rusty 2-in. steel pipe. This pipe has 


TABLE 5.—Test Data From STEEL 


Run | Velocity | Measured | Reynolds | Friction |}Run | Velocity | Measured | Reynolds | Friction 
No. (ft per head number factor No. (ft per head number factor 
sec) (ft) (R) sec) (ft) (R) 


0.0279 
0.0282 


0.0286 
0.0285 
0.0283 
0.0288 
0.0290 


0.0288 
0.0291 
0.0292 
0.0296 
0.0300 


0.0299 
0.0295 
0.0302 
0.0308 
0.0311 


0.0318 
0.0316 
0.0320 
0.0327 
0.0328 


313,000 026 2 0.0332 
0.0338 
266,000 
0.0360 
200,000 J 854 07% 0 0.0368 
0.0386 


0.0402 
0.0466 


ow 


401,000 
390,000 
379,000 
366,000 
372,000 
371,000 
363,000 


4 


0.3685 


0.337 0.01392 
0.3065 0.01152 
0.2760 0.00951 
0.2285 0.00710 
0.1568 0.00368 


BH 


~ 


~ 


been place the Hydraulics and Fluid Mechanics Laboratory the Uni- 
versity Illinois Urbana since 1928. The test section was preceded 
straight section long and followed another straight section with 
minimum length ft. The head loss was measured with 5-ft differential 
gage using mercury, carbon tetrachloride, mixture carbon tetrachloride 


| 
(1) (2) (3) (4) (5) (1) (2) (3) (4) 
1 24.75 41.95 465,000 0.0252 44 B 2.680 108,200 
3 23.95 39.60 451,000 0.0254 
4 23.80 38.70 447,000 0.0252 46 2.515 108,000 : 
5 23.30 37.42 438,000 0.0254 47 2.215 101,600 
48 2.045 97,300 
6 22.90 36.00 430,000 0.0253 4a 2.020 96,600 
7 22.25 34.60 418,000 0.0257 50 1.800 91,000 
8 21.92 33.30 412,000 0.0256 
9 21.35 31.50 0.0255 51 1.525 83,900 
10 20.75 29.60 0.0254 52 1.514 83,200 
53 1.191 73,500 
11 20.15 28.00 0.0255 54 1.207 73,500 
12 19.75 27.25 0.0258 55 1.159 71,600 
13 19.70 27.15 0.0258 | 
14 19.62 26.55 0.0254 56 0.922 64,000 | 
15 19.59 26.75 0.0258 57 0.906 63,900 ' 
58 0.735 56,600 
16 19.45 26.35 368,000 0.0256 59 0.576 49,800 
17 19.40 26.25 361,000 0.0258 60 0.575 49,600 
18 19.15 25.65 355,000 0.0258 | 
19 19.00 25.10 359,000 0.0256 61 0.389 40,300 
20 18.90 24.95 357,000 0.0258 62 0.384 40,100 
63 0.2915 34,800 
21 18.80 24.70 348,000 0.0258 64 0.272 33,100 
22 18.05 22.80 334,500 0.0258 65 0.238 31,100 
23 17.81 22.15 337,000 0.0257 
24 16.95 20.25 
25 16.58 19.40 
26 15.40 168 
27 14.82 1 ( 
28 14.10 1 
12.92 
30 11.63 
10.58 
32 10.02 
9.94 
34 9.10 
35 8.19 155,500 0.0272 77 0.569 0.0353 10,760 || f 
78 0.495 0.0270 9,400 
36 7.89 149,000 0.0273 79 P| 0.0197 7,890 0.0418 ] 
37 7.34 139,500 0.0273 80 0.0163 7,000 0.0442 { 
38 7.16 130,200 0.0274 
39 6.85 124,700 0.0278 81 6,360 0.0452 { 
6.79 129,000 0.0284 5,840 0.0451 
83 5,220 0.0460 
41 6.75 123,000 0.0281 Sa 4,350 0.0500 
42 6.40 116,500 0.0280 85 2,960 0.0553 
43 6.03 114,500 0.0278 ( 
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and gasoline (specific gravity, 1.067) the gage fluid. Test runs were over- 
lapped that any error reading small gage differences with heavy gage 
fluid was compensated for large differences with lighter gage fluid. The 
discharge was measured weight, with filling time min longer for 
nearly all runs. The results these tests are plotted 

abrupt change from partial full turbulence, such the author 
obtained, not present Fig. 19. few minor deviations appear, but 
believed that these may attributed experimental error. From values 
from the average value 0.0256 for (see Table 5). 


Colebrook 


Using the value 0.0256, Eqs. and were solved and the Cole- 
brook function for the writers’ data was plotted Fig. 19. The Colebrook 
curve falls below the writers’ curve, merging with value approxi- 
mately 350,000. The application Eq. the writers’ data gave value 
450,000 the point which full turbulence was developed. 

The fact that the Colebrook curve falls above the curve presented Mr. 
Harris and below that Fig. must not considered defect there 
considerable variation the roughness and transition curves each class 
pipe. The Colebrook function meant the average many pipes 
the same class. The variation roughness and transition curve any one 
class pipe precludes the use the curve the paper since obvious that 
any standard design having wide application would necessitate the use 
average curve. The writers believe that the author’s method analyzing 
flow closed conduits represents oversimplification that can result large 
errors when predicting the flow pipes the transition region between partial 
and full turbulence. This oversimplification not desirable since most flow 
problems engineering practice occur the transition region bounded 
the smooth pipe curve for partial turbulence and the curve Eq. for full 
turbulence. 


compared with the von equation— 


and the Blasius equation— 
0.316 


@ Research Asst., Saint Anthony Falls Hydr. Laboratory, Minneapolis, Minn. 
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—reveal that Eq. yields consistent results. The values Table (deter- 
mined 10-in. slide rule) indicate that Eq. gives smaller values for 
100,000. 


Item Item Item Items Item Item Item Item 


Harris, Eq. 3,600 9.600 29,000 34,400 98,500 119,000 236,000 271,000 


Blasius, Eq. 3,220 9,530 30,100 35,600 95,500 112,000 197,000 


See tabulation preceding Remarks,” the paper. 


Mr. Harris introduces the criterion transition from partly turbulent 
flow fully turbulent flow rough pipes, few values being given 
per sec (at 55° F), the value may computed two ways— 


comparison the Reynolds numbers thus computed given Table 
The wide discrepancies items and (see list preceding Re- 
may lead the necessity further detailed study the difference 
between surface roughness and local losses. 


TABLE CoRRESPONDING FULL 


(ft per sec) 


The writer appreciates the idea introducing the well-established pipe flow 
formula the open-channel flow field. The dimensional inadequacy the 
existing open-channel formulas causes much trouble dimensional analysis 
and model laws. The Manning the Chezy and the coefficients used 
the Ganguillet-Kutter and Bazin formulas are not dimensionless factors. The 
dimensions Manning’s and Chezy’s are, respectively, 


and 


a 
| | ] i 
(16) 
Item h=h PF Eq. 2 Eq. 16 
7 0.024 1 29,000 124,000 
6 0.023 3 34,400 233,000 
4 0.018 1 98,500 116,000 
3 0.0173 1 119,000 124,000 
2 0.015 3 236,000 233,000 
1 0.0146 3 271,000 271,000 
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The pipe formula— 


he = {5X95 (18) 


—is rational equation involving the dimensionless friction factor Eq. 
applies laminar flow well turbulent flow; and can transformed 
into the famous Poiseuille equation substituting 64/R and D/v 
when flow laminar. 

The Darch-Weisbach formula ready apply the open-channel flow 
field using D/4 and The new open-channel formula 


Eq. (the rational formula) still similar the Chezy formula. However, 
the friction factor becomes dimensionless coefficient introducing the 
gravitational acceleration into the expression, thus: 


The introduction gravitational acceleration into the open-channel formula 
quite reasonable because the gravitational force usually the predominant 
physical force flow open channels. 

The model law used open-channel flow tests may obtained directly 
from general, the scale ratio velocity, V,, can written 


1/2 . 

Eq. changes into 


the model built with the same material the prototype and the same 


friction factor could used, then and the equation practically 
becomes the Froude model law follows: 


another form, the scale ratio time, 
1/2 


which, the value always nearly equal 1.0. 
The Froude law usually adopted design open-channel models and some 
correction provided for viscous force due change the Reynolds number 
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between prototype and model, because practically impossible satisfy 
both the Froude law and the Reynolds law the same time. There 
possibility putting the correction the Reynolds number into the factor 
when Eq. used. 

establishing new rational open-channel formula such the 
determination values depends detailed and complete analysis 
the existing open-channel measurement data; and systematic experimental 
research the laboratory also necessary. 


Lynn Perry,“ ASCE.—The modern concept the resistance the 
flow fluids that has been developed during the past quarter century 
revolutionary some the senior members the engineering profession. 
Real progress has been made since the first publication the Hazen-Williams 
tables. 

refreshing indeed read this paper which Mr. Harris has com- 
pletely and succinctly presented this subject. His theory sound and his 
conclusions are logical. commended for stating the current position 
this extremely progressive science. 

must remembered that the data which Kutter originally had his 
disposal did not warrent taking into account the slope compute the constant 
this refinement, was influenced the work Humphreys, 
Hon. ASCE, and Henry Abbot. The elimination the slope terms will 
give results that correspond more nearly laboratory measurements. The 
Manning formula, for which very satisfactory tables have been published, cor- 
rects this feature. 

When plotted, using discharge the abscissa and loss head the ordi- 
nate, the Chezy formula with the Kutter constants produces series curves 
that require interpolation make them continuous and prevent inter- 
section. The Weisbach formula, another form the same expression, gives 
the same result the factor computed from the Kutter with its varying 
slope the hydraulic grade line. The Hazen-Williams formula presents 
continuous curve thereby correcting this error committing another one, 
more serious theoretically. 

During consultation between the writer and the late Rudolph Hering, 
ASCE, these two formulas were discussed length. Mr. Hering felt that the 
Weisbach formula was dimensionally correct and that until further research 
brought more and better values for would well use series f-values 
based review published measurements. Admitting the care with which 
their work was done and the unquestioned integrity the principals, Mr. 
Hering felt that Gardner Williams and Allen Hazen, Members, ASCE, must 
have overlooked some concept which, taken into account, would have pro- 
duced formula much more keeping with the dimensional theory then 
known. fact, two such concepts were later developed—fluid flow examined 
from totally different viewpoint and partial turbulence. that time, 
flowing water was considered either turbulent nonturbulent. The Hazen- 
Williams measurements for loss head were made water flowing both 


4 Cons. Engr., Coral Gables, Fla. 
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turbulently and partly turbulently, averaged indiscriminately, and resulted 
exponent which was difficult harmonize with theory with former 
measurements. professional standing Messrs. Williams and Hazen, 
together with the usable form which their conclusions were offered the 
public, resulted broad acceptance the senior members the engineering 
profession who were too busy with administrative details devote much time 
theory. After all, pumping unit manufactured and tested meet the 
specifications rather than the requirements. the specifications are error 
10% 20% the requirement changes during the life the equipment 
(the usual case), the unit will still function even though not entirely 
satisfactory. many instances, use better judgment computing 
the loss head might not have obviated such unsatisfactory performance 
entirely. 

The first two questions that will occur the senior designing engineer are: 
(1) How much does the loss head computed suggested this paper differ 
from that computed other formulas; and (2) the event that this rational 
procedure should adopted, what simple and accurate method suggested 
for its use? 

effort answer question (1) led Fig. 20. Three curves represent 
the values for suggested Mr. Harris and the dashed lines represent values 
from the Hazen-Williams tables for 90, 100, 130, and 140 (all for 12-in. 
cast-iron pipe under turbulent flow with water 55° F). The Hazen-Williams 
curve for intersects that for 0.042 about mgd and gives 
slightly higher values for for the more probable design 700,000 gal per 
day 800,000 gal per day. The curve for 0.028 for average cast-iron 
pipes city mains falls between the Hazen-Williams curves for 100 and 
The curve representing the smallest values for loss head for 
turbulent flow rough pipes 0.023) gives values ordinary velocities 
approximating the Hazen-Williams curve for 140 rather than 130 rec- 
ommended; the difference about 25% the rate discharge mgd. 
With water 78° 80° the viscosity being less, the initial loss head 
should decrease, all other conditions being the same. This increase tem- 
perature would add another 10% the difference. 

The answer question (2) involves the flow water through 36-in. and 
42-in. cast-iron pipes about miles long. The 36-in. line had been service 
about years; the entire inside surface was coated with buff incrustant, 
mostly calcium carbonate deposited after the water had been filtered. 
addition being rough, this coating was thicker some sections than others, 
producing washboard effect, and about in. in. thick. Measurement 
the loss head showed 1.08 per 1,000 when discharging 11.2 mgd. 
Thus, Kutter’s 88, the Hazen-Williams 90, and 0.036. Using 
Fig. and Eq. must have been 0.048. new 42-in. cast-iron pipe had 
been placed service just before these measurements were made the 36-in. 
line. Similar measurements the 42-in. line indicated over-all Hazen- 
Williams 124, 130 after deducting the local losses. discharge 
14.3 mgd, the loss head was 0.49 per 1,000 ft, orf 0.0216. From Fig. 
and Eq. must about 0.030; and the pipe, although was not 
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rough completely coated the 36-in. line, deposition was progressing 
rapidly with corresponding rise the specific roughness coefficient. For 
smooth pipes, Fig. gives 0.012 with water temperature 78° 
Based these measurements supported number checks, was con- 
sidered that, although the specific roughness coefficient, for the 42-in. line 
was low, would rapidly increase the value for the 36-in. line and would 
remain about that value indefinitely, any further reduction the carrying 
capacity the pipe being due reduction the cross section the flow. 
Fig. was prepared for loss head pipes incrusted and for water 78° 
temperature. Using specific roughness coefficient, 0.048, Fig. 
and Eq. values Fig. have been checked and found comply with the 
theory presented this paper. 

Naturally, the writer feels that the suggested 0.042 item (under 
the heading, for Smooth and Rough Pipes: Specific Roughness 
Coefficients for nearly, but not quite, large enough. 


worthwhile endeavor approach the problem 
flow pipes natural roughness synthetically made Mr. Harris. 
The main obstacle comprehensive solution lies the complexity the 
roughness pattern and the resulting difficulty defining, and hence 
measuring, roughness. 

attempt made characterize roughness specific roughness 
coefficient. should understood that this coefficient the constant 


friction factor fully turbulent flow pipe unit diameter, for given 
roughness pattern. specification the unit length used necessary 
stated that the value Eq. must expressed the same units. 

The analysis transition from laminar fully turbulent flow based 
Eq. derived from the author’s experimental study smooth brass pipe. 
This formula (Eq. similar relation which was propounded, early 
1922, Charles Liege, Belgium: 


0.532 


The Hanocq formula has been widely and satisfactorily used western 
Europe since the early 1920’s. based numerous experiments, both 
with air and water and carried the Reynolds numbers 500,000. Also, 
has the advantage pure cube root the computation the second term. 

Reynolds number 3,240,000 having been reached the Nikuradse 
experiments, desirable investigate what extent classical formulas 
agree with experimental results. Typical formulas for smooth pipes (in 
addition the Hanocq formula already mentioned) are follows: 

The formula (1913)— 


0.00668 


Associate Prof. Civ. Eng., Pennsylvania State College, State College, Pa. 
propos calcul charge dans les conduites Charles Hanocq, 
Universelle des Mines, Belgium, February, 1922, Series pp. 217-234. 


dem Gebiete der No. 131, 1913. 
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for 100,000; the Lees (1915), based experiments 


for 460,000; and the formula (1930)— 


—which gives results good agreement with the Nikuradse experiments 
Reynolds number 2,500,000. discrepancy however apparent for 
50,000. The formula (1932)— 


von Platte und Robr bei hohen Reynoldsschen Schiller and Hermann, 
Ingenieur Archis, Vol. 1930, 392. 


Verein No. 356, 1932. 
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valid for Reynolds number greater than 100,000, which the limit 
validity the Blasius formula. 

More recently, the writer has derived comprehensive formula based the 
Nikuradse measurements velocity distribution and pressure loss. This 
expressed 


TABLE CoMPARISON FOR Loss 


(writer) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
2 |0.0490 | 0.0473) +5.51 | 0.0491 —0.20} 0.0397 .... |0.0459 +6.34 |0.04970| —1.43 
3 |0.0437 | 0.0428] +2.06 | 0.0437 0 0.0363 [0.0413 | +5.50 | 0.04420] —1.14 
5 [0.0380 | 0.0376) +1.05 | 0.0379 | +0.26) 0.0326 .... |0.0362 | +4.75 | 0.03830] —0.79 
10 =|0.0315 | 0.0316) —0.32 | 0.0315 0 0.0281 .... |0.0304 | +3.50 | 0.03165 | —0.48 
15 {0.02 0.0286} —0.71 | 0.0283 | +0.35) 0.0258 .... [0.0275 | +3.17 | 0.02840 0 
20 |0.0264 | 0.0266) —0.76 | 0.0263 | +0.38] 0.0243 |0.0257 | +2.65 | 0.02635} +0.19 
25 |0.0250 | 0.0252} —0.80 | 0.0249 | +0.40/ 0.0233 .... |00244 | +2.40 | 0.02490} +0.40 
50 |0.0211 | 0.0212} —0.47 |0.0212 | —0.47| 0.0202 |0.0208 | +1.42 | 0.02101] +0.43 
100 | 0.0180 | 0.0178] +1.11 |0.0182 | —1.11/0.0176 | +2.22|0.0179 | +0.56 | 0.01795 | +0.28 
150 0.0165 | 0.0161} +2.42 | 0.0167 —1.21) 0.0163 +1.21 | 0.0165 0 0.01643 | +0.42 
200 0.01553 | 0.0150} +3.42 | 0.01582| —1.86/ 0.01545] +0.51 | 0.01557 | —0.26 | 0.01553 0 
250 0.01485 | 0.0142} +4.38 | 0.01513 | —1.89) 0.01482} +0.20 | 0.01491 | —0.40 | 0.01484} +0.07 
300 |0.01432] .... |0.01466 —2.37] 0.01432 0 0.01441 | —0.63 | 0.01433 | —0.07 
350 {0.01390} .... |0.01426| —2.59] 0.01393 | —0.22 | 0.01400} —0.72 | 0.01392/ —0.14 
400 |0.01355] .... |0.01393 | —2.81) 0.01355 | —0.30 | 0.01366} —0.81 | 0.01356 | —0.07 
500 0.01300} .... ...- |0.01341 | —3.16] 0.01306 | —0.46 | 0.01313 | —1.00 | 0.01304 0 
1,000 0.01151 |0.01156} —0.43 | 0.01168] —1.48 | 0.01160} —0.78 
1,500 |0.01079 0.01080 | —0.09 | 0.01096 | —1.58 | 0.01090 | —1.02 
2,000 |0.01032 0.01030 | +0.19 | 0.01050 | —1.74 | 0.01046 | —1.36 
2,500 | 0.00999 0.00993 .60 | 0.01017 | —1.80 | 0.01015] —1.61 
3,000 | 0.00974 0.00965 | +0.92 | 0.00991 | —1.75 | 0.00991 | —1.75 
3,500 | 0.00954 ‘ 0.00941 | +1.37 | 0.00971 | —1.78 | 0.00972} —1.89 
4,000 |0.00937 0.00922 | +1.60 | 0.00954 | —1.82 | 0.00957 | —2.14 
5,000 | 0.00910 0.00891 | +2.08 | 0.00927 | —1.87 | 0.00932 | —2.42 


and checks remarkably well with the experiments Nikuradse and the writer 
for all values the Reynolds number. 

comparison the various formulas (see Table shows fairly good 
agreement the range validity each formula, but the agreement not 
extended over this range. and give close values the high 
Reynolds numbers, slight discrepancy being noticeable the extreme values 
the latter parameter. However, for all practical purposes, the two formulas 
may said agree. 

The proposed method characterizing roughness based the con- 
sideration the specific roughness coefficient. doubtful, however, such 
will prove satisfactory the study commercial rough pipes. 
the experience the writer, the mean height roughness protuberances 
may vary considerably from one pipe another, even for new pipes ap- 
proximately equal diameters manufactured the same factory. This opinion 


Fluviale, Litge, Belgium, 1949. 
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was obtained measuring the mean roughness height pneumatic 
was shown that, the new industrial steel pipes studied, 
characteristic value for given pipe. The value may vary from one cross 
section another and from point point one section but, averaging 
large number measurements, characteristic mean value obtained. 
stated before, differs considerably from one pipe another. This 
the difficulty using any the classical formulas for rough pipes and seems 
restrict the use the specific roughness coefficient. Pneumatic feeler 
measurements, the contrary, are easier make than pressure loss determi- 
nations and may further repeated from time time follow the evolution 
the pipe roughness. 

Another conclusion the aforementioned study was that, the zone 


fully developed turbulence, the value was given with very satisfactory 
approximation the Nikuradse formula: 


which was the mean roughness height, measured the pneumatic 
feeler (Fig. 22). 

smooth transition the law variation function the Reynolds 
number was recorded. This also agreement with the Colebrook and 
White experiments. this zone, the law variation for industrial pipes 
situated between the Nikuradse law for homogeneous roughness and the Cole- 
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Nikuradse (homogeneous roughness) 


Colebrook and White 
(homogeneous roughness) 


Values 


brook and White law for heterogeneous roughness. The writer’s experiments 
show classification following the roughness homogeneity (Fig. 23). 


Gardner Williams and Allen Hazen, Members, ASCE, has been described 
the author (under the heading, “Inadequacy Some Early 
“based fallacy that should have been apparent the time.” Mr. Harris 
further remarks that: 


constant-exponent formula was developed, selecting only the data 

from the smoothest pipes attainable, the exponent reducing 1.85. 

was then assumed that all rough pipes would follow that same exponential 


the Messrs. Williams and Hazen 
pointed out that— 


the values the exponents vary with different surfaces and 
also their values may not exactly the same for large diameters and for 
small ones, nor for steep slopes and for flat ones. 

“The exponents the formula used were selected representing 
nearly possible average conditions, deduced from the best available 
records experiments upon the flow water such pipes and channels 
most frequently occur water-works practice.” 


Associate, Clyde Potts, New York, 


Gardner Williams and Allen John Wiley Sons, Inc., New 
York, N. Y., 3d Ed., 1920, p. 1. 


Smooth pipe 
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That the Hazen-Williams formula fact represents fair average for pipes 
water systems indicated its continued use and the results many 
tests before and after its publication. The convenience such exponential 
formula for solving network problems, using the “Hydraulic Tables” and the 
slide rule generally recognized. 

The exponent 1.85, between the usual values 1.75 for smooth pipe 
and 2.00 for complete turbulence, seems represent most probable value. 
With the increasing use smoother pipe surfaces, the exponent 1.85 may 
become high rather than low. 

For important transmission mains, particularly those large diameter, 
the water works engineer will study all available data and theory; but, for 
distribution system studies, the Hazen-Williams formula should continue 
favorite tool. 


Assoc. ASCE.—The writer’s concept the 
flow water pipes best illustrated multitude points logarithmic 
chart. They are numerous that they outline band. Each point has 
been established two readings, velocity and loss head, reported 
observer. 

Each new formula proposed for pipe flow the result laboratory test 
definitely fixed line within the chart band. There can about 
many different formula exponents there are stars the Milky Way. Re- 
the formula used the data are someplace the chart and choice 
can made after reading the testimonials. 

Other factors enter into flow measurements and characteristics the field 
which are not present the laboratory where the setup includes small pipe 
with perfect bore. Undulations and ovalness (out round) are conditions 
that can have marked effect upon energy losses. 

The study the velocity distribution velocity factor should in- 
cluded pipe experiments method classifying pipe conditions and 
making the data more comparable. reasonable assume that some 
time the pipe line will designed provide certain velocity factor which 
will indirectly insure maximum transportation efficiency. 


ASCE.—There reason feel that the response 
during the several months discussion has been mainly favorable the major 
features, that the questions have been largely answered the discussions 
themselves. For example, some resistance has been offered the abandonment 
the exponential type formula, but both Mr. Stevens and Mr. Collins have 
given good and sufficient reason why that method should discarded. 
the remark Mr. Collins, many different formula exponents 
there are stars the Milky Way,” might exponent requiring 
its separate coefficient.” this fact were given due weight, the Hazen- 
Williams formula would fall without mention its chief fault—namely, the 
use extravagant coefficient supply the deficiency full turbulence 
where the rational Chezy exponent takes over. 


* Cons. Engr., Berkeley, Calif. 
% Prof., Hydr. Eng., Univ. of Washington, Seattle, Wash. 
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unfortunate that, with all its shortcomings, empirical formula should 
still remain simply because the impetus long usage. Although 
Mr. Gavett knows that the exponents the Hazen-Williams formula (even 
though constant for all ranges size, velocity, and degree roughness) should 
not constant, prefers not accept remedy; nor apprehensive the 
prevailing temptation average data that are not coordinate. exponents 
are treated lightly, there was little excuse for abandoning small whole 
numbers the first place. The widest use any formula not preserve 
experimental data for repeated use under identical but spread 
known facts over wider range. All exponential formulas have one feature 
common—their logarithmic graphs are straight lines. Any two straight lines 
that are not parallel must agree one point, and only one. This fact applies 
also the discussion Mr. Harrington; neither the data quotes nor his 
use 140 for the purpose being questioned, but understandable 
formula would give the same result. pipes would remain 
quoted Mr. Harrington, specific roughness coefficient would required. 
The value from Eq. Fig. approximately 0.0150 which, subtracted 
from the actual test value, leaves 0.0029 provide for joints and all other 
sources localized loss. This not unreasonable augmenting factor for 
iron pipes. Consider another common situation: Even with moderate 
velocities (say, per sec 12-in. pipe) the Hazen-Williams 100, 
frequently used for distribution systems, corresponds approximately 
0.033, which certainly the fully turbulent range with for exponent. 
Why not then use the simple fundamental formula for distribution systems? 

would inappropriate paper this write long and de- 
tailed reply each the pertinent questions asked Mr. Hickox. Briefly, 
should stated, however, that some the so-called fundamentals would 
stand revision. Resistance turbulent flow, for example, not shear from 
plane plane some conventional formulas would require, but rather 
resistance the acceleration particles displaced from the boundary region 
those entering. The writer’s mention viscosity relation the higher 
Reynolds numbers was remind the reader that hydraulic losses are not 
entirely due viscosity, and that some the complicated formulas are not 
necessarily less approximate than the simpler ones. The concept loss with- 
out viscosity manner out “harmony with the kinetic theory.” For 
example, one would call the familiar expansion loss viscous phenomenon. 
for some values (determined field experiments) being smaller than 
those found Eq. thought that, the absence more and better field 
data, the simpler formula should not excluded, particularly the safe 
side. The writer acquainted with the difficulties encountered when attempt- 
ing free important pipe line from its regular service long enough make 
the repeated measurements that are found necessary even under laboratory 
conditions. 

Referring Mr. comment should emphasized that Eq. 
supported actual test data throughout wide ranges. course well 
McAdams, and John Freeman, Past-President and Hon. ASCE, and in- 
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dorses the von formula which lies within practical agreement 
with Eq. the Reynolds numbers above 3,000,000. The deductions 
this paper are numerically dependent the position that line but are 
equally applicable any mathematical form the primary equation. 

The not imply that transitions never occur but that when found 
they are usually explainable. able predict coefficient, however, one 
must understand its response known circumstances. For example, scrutiny 
either graph Fig. reveals transition known the writer have been 
caused the smoother length being partial turbulence the same time that 
the rougher length was full turbulence. The graph became horizontal when 
both lengths were full turbulence. The writer was not aware any contro- 
versy recent times about the friction factor full turbulence being independ- 
ent viscosity (or the entire Reynolds number for that matter) whether 
the entire length pipe part does not care revise the 
statement about the flow most frequently encountered rough pipes and chan- 
nels. With increasing velocity the rougher sections into full turbulence 
the beginning the transition, not the end. 

referring “hydraulic radius” the writer sought confine its use 
conduits other than round ones, and open channels. This discrimination 
made discourage the habit applying round pipes the coefficients ob- 
tained from other sources. 

Mr. Collins will probably agree that not ovalness itself (within reason) 
that causes ‘‘marked effect” friction loss, but rather the resulting abrupt 
offset surface frequent intervals, like that occurring some vitrified pipes 
and drain tile. 

The writer accepts much Mr. Powell’s discussion that does not wish 
imply any wide criticism; but should observed that Eq. was not derived 
the mere that the velocity for full turbulence independent 
the diameter. Velocity essential element the Reynolds number the 
pattern roughness, and thus incorporated the equations. the various 
figures the paper the graph Eq. appears six times, each time supported 
separate experimental points, whereas such points were used its derivation. 
addition these computed curves the graph Fig. which the observed 
points were adjusted for diameter This broken curve supported 
fifty-three points taken from four relative diameters ranging from The 
the pipe with 0.0148 would not broaden the experimental 
band and would increase the range tofrom were any significant 
extent function addition the Eq. those experiments would 
have indicated it. surprise that Mr. Powell could not eliminate from 
Eq. 10b. That feature was incorporated the von formula 
(called the Nikuradse formula Mr. Powell) furnish one the necessary 
empirical steps connection with the introduction stability factor. The 
resulting graph velocity distribution was adopted them reasonable 
approximation and, when supplied with coefficients furnished Nikuradse 
for the purpose, the formula naturally gave friction factors agreeing with his 
experiments. 10b not accord with the Prandtl contention™ that the 


& “ Applied Hydro- and Aeromechanics,” by L. Prandtl and O. J. Tietjens, McGraw-Hill Book Co., 
Inc., New York, N. Y., 1934, p. 70. 
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shape the pattern velocity distribution near the boundary surface 
independent the diameter. For these various reasons the writer must reject 
Eq. 11, and can accept Eqs. 10a and applicable only particular idealized 
surfaces with diameters determined volumetrically. The largest sand grains 
used the smallest pipe the Nikuradse experiments would larger than 
3-in. spherical paving stones evenly spaced 8-ft sewer. One might re- 
flect this connection that intermittent overbreak tunnel section increases 
its volume but reduces its effective sectional area. 

review the range experimental verification, turn Fig. All points 
that curve have the same velocity for full turbulence virtue the relation 
Eqs. The relative diameters for the five observed points however 
range from range, with established for 12-in. pipe, would 
include 1-in. pipe the one hand and 156-in. pipe the other. 

would service here one could know advance how many readers 
would consider the foregoing lengthy discussion unacademic should they 
informed that the divergence these two methods would result difference 
all the quantity delivered 12-in. pipe for given value and less 
than for 4-in. pipe 72-in. pipe. would seem inexcusable thwart 
logical analysis injecting questionable and irrational factor. 

Had Mr. Powell’s exponent 0.3 his Eq. been made and the constants 
adjusted accordingly, the graph would have followed almost the same curve. 
Then one should choose adjust the constants, case should thought 
desirable for the Reynolds numbers “greater than 3,000,000,” these new 
constants could traced all the related equations inspection. 
understood, course, that Mr. Powell did not intend state that the graph 
Fig. plotting the Nikuradse formula, but rather that agrees with 
the middle range. Some confusion has grown out referring the von 
formula that Nikuradse after the introduction his 
coefficients. The only Nikuradse formula mentioned the paper was the 
Nikuradse exponential formula with the small exponent. 

The writer indebted Messrs. Halsey and Owen for their fine data 
2-in. pipe. They may pardoned for failing find 
full turbulence, for two reasons: First, the change came higher Reynolds 
number than superficial examination might indicate, and, second, slight 
transition similar that Fig. relieves the abruptness. 

The pattern their data Fig. unusual. Most the surface has 
remained reasonably smooth. The nature the graph similar that 
Fig. which the friction factors were augmented artificially partly 
closed valve. fact, this present example illustrates perfectly the reason for 
inserting Fig. the paper with the comment, the surface loss re- 
mained substantially unchanged.” Large imperfections such pits, nodules, 
wavy surfaces, screw couplings, unreamed pipe ends, and other widely spaced 
irregularities have the same influence, since they cause eddy currents that 
not, their formative period, involve any considerable length pipe. 
long these local disturbances result losses that vary with the square the 
velocity, the friction factors are increased equal amount all velocities. 
The same type increase indicated when the incrustation scale has 
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made the diameter smaller than that assumed. The exaggeration any one 
these localized defects, number them combined, produces parallel and 
elevated graph (parallel natural numbers, not logarithms). 

The data from Fig. given Table are transferred Fig. which 
the normal graph drawn and then elevated the average amount that the 
observed points are found above the smooth pipe curve the range 
where these distances are reasonably constant. The line accordingly elevated 
0.0097. The horizontal part the elevated graph lies 0.0256 used 
Messrs. Halsey and Owen. The only transition this example lies the 
vicinity their intersection. shows maximum variation from the pre- 
dicted less than 5%, which turn explainable previously indicated. 


3 


Reynolds Number, 


Fic. 24.—Repropuction or Data From Fic. 19 


Note that the graph Fig. would have been identically placed had there 
been but three points observed—two sufficiently spread the partly turbulent 
range show that the line was parallel the smooth pipe curve, and one near 
the highest velocity which, because additional elevation above the curve, 
indicates that full turbulence had been reached. 

The existence some localized influence also indicated the foregoing 
experiment because the graph remains parallel the smooth pipe curve such 
low Reynolds number 3,000. Without some induced turbulence, addi- 
tion that normally caused uniform surface, the break nonturbulence 
usually begins higher Reynolds number. The this 
case was the practical interpretation data, not the rational procedure. 
glance Figs. and will serve remind the reader that the Colebrook 
function (which mathematical method constructing curve tangent 
straight line and curve, when fundamentally should tangent neither) 
only confuses both diagrams. Some have the mistaken idea that flow 
problems engineering practice occur the transition region.” This im- 
pression due exaggerated concept the length the transition. One 
wrong impression grew out the long Nikuradse the secondary deduc- 
tions from which linger although the results whole have long been 
abandoned pattern for commercial piping. this problem would re- 
quire laboratory technique disclose transition. 

There better indication poor material workmanship than that 
long transition elevated graph. The former indicates wide variety 
internal roughness either longitudinally circumferentially; and the latter, 
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some localized imperfection measurable consequence. cases are 
chiefly valuable indicating conditions avoided. The writer recalls one 
order poorly galvanized small pipe containing two lengths through which 
water could forced. This incident was not the occasion for condemning 
formula; instead the pipe itself was condemned. 

The famous Freeman" experiments iron pipes were seriously impaired 
the fact that the surfaces were widely varying roughness. For example, 
instead finding smaller friction factor for his 1}-in. pipe than for his 1}-in. 
pipe, Mr. Freeman found much larger. His experiments naturally 
revealed some long transitions. permissible use factor safety 
necessary protect one against such extremes, but not formula that would 
make those cases appear normal. Attempting write each influence 
into mathematical expression accountable for vast number empirical 
formulas. Fundamental equations are the underlying strata which these 
additional physical ideas rest. should preserved intact. The charac- 
teristics materials deserve more attention the light better understanding 
their influences; and engineers are entitled more refinement than the resort 
abnormal factor safety applied all kinds pipes order cover the 
most extreme. 

The request for data reasonable one. The demand for new 
experiments should continue. Some additional data, along with many those 
from which the abstracts for the paper were taken, were presented during 
These experiments confirmed but did not furnish modify the co- 
efficients the various equations. They include another verification that 
familiar transition caused two degrees roughness single length pipe. 
The curve (as should be) virtually straight line, logarithmically—not 
asymptotic curve. 

well note that the form Eq. not all unusual. 24, pre- 
sented with attending references Mr. Jorissen, that form even the 
extent including the cube root also interesting note that sub- 
sequent the presentation the writer’s paper the Duluth (Minn.) con- 
vention the ASCE, July, 1947, Lewis Moody appeared 
which not only the form was suggested but also the constants 
were practically identical with Eq. 

Attempts have often been made solve all the problems fluid motion 
from single point view. This kind solution cannot fully accomplished 
any one the physical assumptions approximate, condition likely pre- 
vail for all predictable time. For example, the aeronautical engineer con- 
cerned with velocity distribution common method analyzing resistance 
coefficients and accepts approximations that are permissible for his purpose, 
where the present, more direct, operation accomplished without reference 
any particular shape the distribution and thus avoids the approximation. 

Tests full-scale commercial pipes, although resulting broad band 
data indicative experimental errors, and often failure respond some 
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presumed exponential pattern, furnished reliable although not precise guide 
throughout formative period. The laboratory with its better control, but 
limited scale, gave the necessary refinement principle; but neither these 
alone can fill the needs the present economy. The theorist and the practical 
man should not plod smugly their separate ways. Indeed, would 
better the two indispensable qualities—theory and practice—were combined 
all men who dare express strong conviction. 

Procedure With Without Localized simplicity selecting 
friction factor for given purpose may have become obscured these rather 
long and technical discussions. meet the common situation which the 
flow may may not prove fully turbulent, must understood that 
this method, all other methods yet proposed, test must made, must 
have been made, velocity high enough determine the constant for that 
surface for one more diameters. For convenience and for comparison with 
other pipes, such values can be, may have already been, reduced 
specific roughness coefficient (that is, made applicable 1-ft pipe) Eq. 
its equivalent Fig. 17. the same equation diagram the correct 
found for the diameter under consideration. There additional constant 
for this point, since even some small localized loss were present the original 
experiment the effect would extended the case hand with reasonable 
approximation. inspection, other methods, the flow known 
fully turbulent, the study now complete. 

the flow might conceivably partly turbulent, second friction factor 
read directly from Fig. for the proper velocity and diameter, from the 
Reynolds number. this value should added whatever constant for 
localized losses the particular kind pipe piping has been found require. 
Uniform surfaces need such augmenting constant even rough. this 
second value larger than the first, the correct one use for the flow 
only partly turbulent. 

The influence possible transition normally becomes absorbed rea- 
sonable “factor caution.” Why should engineer who reconciled habitu- 
ally using factor safety (which means adding factor caution 
100%) object factor 5%? other words, the diagram Fig. 
reads 0.020, one might use 0.021. This corresponds increased flow 
24%. 

With reasonable concept the nature flow, the engineer not only can 
solve his immediate problems with more reliability but also can view the devia- 
tions old experimental data indicating something avoided rather 
than followed. Specifications should include strong clause relating surface 


uniformity; and the search must intensified for better and more permanent 
materials. 
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Paper No. 2414 


DEFLECTION PLYWOOD BEAMS DUE 
MOISTURE CONTENT CHANGE 


AND LAURENCE OLSON. 


This study was undertaken determine reasons for the deformation long 
floor panels plywood box girder construction. Preliminary consideration re- 
vealed that the cause must either temperature moisture content changes. 
was developed show the relationship between deflection and change 
temperature moisture content for I-beams and T-beams. This develop- 
ment required knowledge the relationship between length and moisture con- 
tent plywood panels. Experiments were conducted establish this rela- 
tionship for plywood various thicknesses; and, check the validity the 
theory, experiments were also conducted determine the deflection beams 
function moisture content. The results these experiments indicate 
close agreement between theory and experiment limited, may expected, 
the variation from piece piece and from time time the physical 
characteristics wood. 

result the analysis and experimental work concluded that, 
because plywood shows marked dimensional change with change moisture 
content, its use the construction long box girders T-beams requires the 
exercise precautions secure constant moisture content. further con- 
cluded that proper moisture control not feasible the length-depth ratios 
the beams and girders must made small enough insure that, should 
moisture content change occur, the resulting change the shape the beam 
girder would not objectionable. 

The analysis and experimental work indicate that feasible calculate 
advance the magnitude the deflection expected girder beam 
given change moisture content. that further experi- 
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mental work conducted make possible the complete determination the 
physical characteristics the plywood far the relationship between 
moisture content and dimensions concerned. 


INTRODUCTION 


The construction experience which led this study the effect moisture 
content changes plywood beams the deflection that type member 
based fabrication plywood box girders, two different methods, for 
prefabricated houses. Panels one type, which are used walls, are long, 
in. deep, and approximately wide. These are glued high frequency 
electric heating and contain nails for tacking purposes only. The second type 
girder, which in. deep, wide, and long, used for both floor and 
roof construction and manufactured gluing and nailing the plywood the 
webs. Experience with the second type girder led directly the analysis 
and experimental work described herein. 

These box girders, consisting }-in. top skin, four web 
members, and }-in. bottom skin, had been constructed and were found 
from their original straight form. Deflections this magnitude were 
found storage, and after the panels were installed houses there occurred 
defiection changes that produced highly undesirable results including breaking 
the asphalt tile which covered them. 

This investigation had its primary purpose the determination the 
cause the distortion the plywood box girders previously described. 
attain this objective was necessary carry out several studies having the 
following individual objectives: 


(1) determine the relationship between the change the length 
piece plywood and the change its moisture content; 

(2) determine the theoretical relationship between the deflection 
beam girder and the moisture content its plywood flanges; 

(3) determine experimentally the relationship between deflection 
beam girder and the moisture content its plywood flanges; 

(4) compare theoretical results from the second study with experi- 
mental results from the third study, noting any discrepancies; 

(5) determine limitations the size plywood box girders imposed 
the effect moisture content the beams girders; and 

(6) determine the deformations due moisture content change might 
controlled the changes moisture content might controlled. 


THEORY 


maintain great simplicity possible developing the theory the 
T-beam and the I-beam, which consist solid timber webs and plywood flanges, 
certain simplifying assumptions are made. Because algebraic complications, 
the I-beam theory yields much more complex equations than does the T-beam 
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theory. was deemed advisable, therefore, simplify the I-beam theory 
further. result this situation, the T-beam theory developed much 
more fully than the I-beam theory, and the experimental check the 
T-beam theory more complete. 


Bottom Flange 
T-BEAM 


(ie. |.—Types or Puywoop Beams INvEsTIGATED 


For purposes this paper T-beam considered structural member 
consisting solid timber webs glued plywood flange indicated 
Fig. I-beam differs from the T-beam that has both top and 
bottom flange (Fig. 1(b)). 

T-Beams.—In developing the theory the deformation T-beam due 
change moisture content the notation Fig. employed. The following 
assumptions are made: 


Note: Views Show 
1 Left Hand End 


Neutral 
Axis 


CROSS SECTION LONGITUDINAL DEFORMATION (c) LONGITUDINAL FORCES 


The longitudinal deformation piece plywood due moisture con- 
tent change given the expression: 


which the length the plywood moisture content corresponding 
the length the plywood zero moisture content; the moisture 
content expressed the ratio the weight moisture the oven dry weight 


Flange 
Glue 
Web 
Web Web 
. 
Web 
3 
vie 
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the plywood; and dimensionless coefficient experimentally determined 
explained subsequently; 

bending, plane sections remain plane; 

The deflection the beam small compared its length; and 

The plywood and the lumber are elastic, obeying Hooke’s law. 


Considering beam which has been deformed, shown Fig. because 
increase moisture content the flange, the first assumption and the 
geometry the bent beam yield the relationship: 


m Lo 


which represents the total elongation the unrestrained flange due 
moisture content. The second assumption yields the equation: 


which the shortening the flange due the compression induced 
the resisting action the adjacent dry lumber; the elongation the 


extreme fibers the web; and defined Fig. 2(b). The fourth assump- 
tion yields the expressions: 


and 


which the compressive force the flange; the compressive force 
the web; the tensile force the web; and the modulus elasticity. 
The conditions static equilibrium require that 


and 


OF. 


Eqs. inclusive, are sufficient for the determination the relationship 
between the seven dependent variables 52, and terms 

The geometry the deflected beam (Fig. yields the following expression 
for the maximum deflection terms the elongation the fibers and the 
length beam and the location the neutral axis: 


or 


eee eee eee eee 
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Solution Eqs. inclusive, yields 


Neutral 
3.—Der.ecrion oF T-BEaM 


—which represented graphically Fig. where the left-hand side appears 
the ordinate; and the ratio the abscissa. 


8MdD 
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I-Beams.—The analysis the mechanics the deflection I-beams 
similar that for T-beams and starts from the diagrammatic representation 
beam this type (Fig. 5). The assumptions made the analysis for 


963 
m d 2 d 
Flange 
Axis 
Flange 
0.4 
0.2 0.6 1.0 


964 PLYWOOD 


I-beam differ from those for T-beam only one simplifying point related 
the second assumption. assumed that plane sections between flanges 
remain plane, but that the deformation the flanges constant throughout 
the flange depth, which small compared the beam depth. 


(a) CROSS SECTION (6) LONGITUDINAL DEFORMATION (c) LONGITUDINAL FORCES 


consequence the assumptions made and the conditions equilib- 
rium, Eqs. and are directly applicable the I-beam, are Eqs. and 


8MdD 


Values of 


0 0.1 0.2 0.3 04 0.5 
Values of + 


Fic. Deriection or I-Bsams 


fla 
F 
y 
(te 
§ 


PLYWOOD BEAMS 965 


and equation required describe the compressive force the lower 
flange: 


Also the conditions equilibrium require that 


Fe — Fi = 0 
and 


Solution Eqs. 11, 12, 18, and 14, conjunction with Eq. 
yields 


Because the complexities the algebraic relationships not feasible 
obtain exact expression for which workable. Fig. Eq. illus- 
trated graphically show the minimum value 


EXPERIMENTATION 


The experimental work consisted three 


Determination the relationship between moisture content and the 
length strips plywood which were approximately in. wide, long, and 
various 

Determination the deflection I-beams the moisture content one 
both flanges changed; and 

Determination the deflection T-beams the moisture content 
the flange changed. 


The techniques employed these programs and the data obtained are pre- 
sented herewith. 


Steel Support 


Shrinkage with Change Moisture change the length 
piece plywood caused changes moisture content was determined with 
the equipment illustrated strip plywood in. wide and approxi- 
mately in. long was bolted steel channel shown. were placed 
under the plywood insure freedom movement. block was bolted the 
channel serve measuring point, and dial gage was mounted contact 
this block and steel pin which had been driven into the plywood specimen. 


' 
0 
Fixed Block 
Roller Test Plywood Dial Gage 
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The plywood, which had been prepared soaking water for period 
several days, was mounted the jig and determination the moisture con- 
tent was made with electrical resistance type moisture meter. regular 
periods, measurements moisture content from ten twelve points the 
plywood specimen and the shortening the lengthening the piece were 
made. 

Three thicknesses plywood were used the in., in., and in. 
The }-in. and thicknesses were exterior grade; the thickness was 
moisture resistant. data were taken other sizes since the sizes mentioned 
were used the construction under study the time the experimentation. 


0.10 


Note: Length at 12% Moisture 
Content Assumed as Zero Point 
for Length measurements 


Elongation, Inches 


LEGEND 
+ 


Moisture Content, in Percentage of Dry Weight 


The results these measurements are shown graphically Fig. which 
the length the plywood specimen 12% moisture content has been arbi- 
trarily selected the zero point for the length measurements the specimens. 
was found that the moisture content solid timber plywood was rarely 
less than greater than 25%. 

Deflection and T-Beams.—The test beams used the beam de- 
flection experiments were constructed follows: The I-beams had dry (6% 
moisture content) 1-in. 6-in. solid timber webs, with flanges plywood, 
in., and in. thick, 12-in. widths. The plywood flanges varied 
moisture content, which covered two general ranges—the dry range (6% 
10% moisture content), and the wet range (20% 25% moisture content). 
Six combinations the dry webs and the wet and the dry flanges different 
thicknesses were used. These beams were cold glued and nailed 6-in. 
centers throughout the entire 8-ft length the beams. The T-beams were 
constructed manner similar that used for the I-beams, except that the 
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depth the web varied from in. in. and the width the flanges varied 
from in. Nine combinations the webs and the flanges were used 
the T-beam construction. 

The deflection the I-beams from their original shape was determined with 
the apparatus illustrated Fig. the distance from the surface the steel 


Test I-Beam 


Support 


Steel Support 
Fie. 


channel the bottom the beam being measured 12-in. intervals along 
the length the beam. The shape the steel channel surface was determined 
the dial gage and the surface body water rest. The curve the 
bottom the I-beam the T-beam was determined calculating the distance 


£ 
— 
= 
= 

> 
— 
2 


Distance from Left End Beam, Feet 


from the bottom the beam plane surface reference the measured 
distances the steel channel surface. 

typical series deflection curves for beam shown Fig. 10. The 
maximum deflection scaled from curves such these, shown graphically 
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for I-beams and T-beams Fig. function the moisture content the 
test flanges, the physical dimensions which are given Table will 


Maximum Deflection, D, in 0.01 In. 
Maximum Deflection, D, in 0.01 In. 


T-BEAMS 


EAMS 


-8 
1 5 5 10 15 20 25 3 
Moisture Content, in Percentage Moisture Content, in Percentage 


o 


(Solid Lines, “Experimental”; Broken Lines, ‘‘Theoretical”’ ) 


noted that all beams were long, convenient length, since plywood 
readily available this length. 

The variation moisture content both I-beam and T-beam flanges was 
produced and measured exactly described previously for the plywood test 


Type ba h ts d 
(1) (2) (3) (4) (6) (7) 
1 T 12 
2 - 12 1 
3 T 12 3 
4 i 12 
5 T 3 3 
6 7 6 3 
7 I 12 ; 5 
8 I 12 i 5 
I 12 5 


All beams were in. long. 


specimens using one flange I-beam and the only flange T-beam the 
test flange where the moisture content varies. The moisture content the 
beams decreased such rate that measurements the specimens 


i sa 
4 x 
oO 5 
-2 er 
a f 
r 


PLYWOOD BEAMS 969 


easily could obtained making observations intervals from hours 
hours. 


DaTa 


compare experimental results with theoretical predictions, was neces- 
say determine the slope the curves shown Figs. and 11(a) and the 
value the coefficient Reference Eqs. and indicates that the 
slope curve showing deflection function flange moisture content 
should constant for any given beam, being function 
and only. 

Besides its dimensions, the value the coefficient the only physical 
characteristic the plywood that enters into consideration. The value 
the slope the curve shown Fig. multiplied the length the speci- 
men, the ratio the elongation per unit change moisture content speci- 
men length. Since the curve not single straight line, not constant. 
However, the range above moisture content 12% straight line fits the 
experimental points reasonably well. The value corresponding the 
solid straight line shown this region 225. 

Using the value and the physical dimensions the beams, the theo- 
retical deflection has been computed from The data shown Fig. 
represent I-beams whose deflection was due moisture changes 
one flange only. Although was true that the moisture content the other 
flanges varied small amount, the variation was small that might 
neglected. The measured and calculated values are compared Fig. 
The broken lines were calculated using Eq. 10. 

will noted that the experimental points are located close the theo- 
retical lines, whereas strict agreement between theory and experiment would re- 
quire that the two lines coincide. possible that the explanation lies 
value different from that determined from the experimental results shown 
Fig. 

most cases the greater value the measured deflection might well 
indicate smaller value for the plywood used the beams compared 
with that used the shrinkage experiments. 


CoNCLUSIONS 


the basis the experimental and analytical work previously described, 
the following conclusions appear 


Although plywood general shows dimensional stability, the elongation 
and the shrinkage which accompany moisture content change are sufficient 
magnitude cause significant deflections both I-beams and T-beams. 

The effect change can minimized designing short, deep 
beams rather than long, shallow ones. 

Control prevent changes the moisture content the flanges 
beam does not appear feasible. 

Design girders and beams plywood box girder type must take into 
consideration the maximum probable change moisture content the ply- 
wood and the permissible deflection the beams. 
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DISCUSSION 


Jun. ASCE.—An excellent job has been done the 
authors studying the effect moisture change the deflection plywood 
beams. The experimental data presented Fig. may used calculations 
for the dimensional change plywood due moisture. 

Since specific data about the plywood used were not given, will as- 
sumed the commonly used five-ply Douglas fir. For Douglas fir wood, 
longitudinal shrinkage about 0.1%, and values for radial and tangential 
shrinkage are 5.0 and 7.8, respectively, from green (36% moisture) oven dry 
The average shrinkage cross plies which the grain variable 
could assumed about 6.4%. The wood does not begin shrink from 
the green condition but remains unchanged dimension until the fiber satu- 
ration point has been reached drying—at about 25% Con- 
sequently, for change the shrinkage across the plies would 
6.4/25 0.255%, about 0.0025 in. per in. per moisture change. 

Internal stresses are set the plywood moisture changes because 
the tendency the cross plies shrink, while the length the parallel plies 
tends remain practically unchanged. Unrestrained, the cross plies would 
shrink about in. 8-ft panel for moisture decrease 10%. ex- 
amination these internal stresses across any given section panel indicates 
that the induced load the cross plies, must equal the load the 
parallel plies, that is, Consequently, 


and 


which and are the areas and stresses the respective plies. Since 
0.240 in. and 0.360 in. per in. width normal panel, then 
Expressing the stress the section terms the unit deforma- 
tion, and the modulus elasticity, 


and 


The modulus elasticity for parallel plies 1,600,000 per in.; but, across 
the grain, only 80,000 per in. less, depending the 
grain. the unit deformation the parallel plies produced shrinkage 
the cross plies, the unit deformation the cross plies 0.00255 


* Asst. Prof., Civ. Eng. School, Georgia Inst. of Technology, Atlanta, Ga. 


and Related Properties Woods Grown the United States,” Markwardt 
and T. R. C. Wilson, Technical Bulletin No. 479, U.S.D.A., Washington, D. C., 1935. 

Asan., Seattle, Wash., 1945. 
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ating, 1,600,000 (0.00255 80,000, and 0.000082 in. per in. per 
moisture change. The total deformation for 8-ft panel for 10% mois- 
ture change 0.079 in. This result almost doubles the values from the 
experiments given Fig. should noted that, although the value 
for across the grain usually given 80,000 per in., may vary from 
12,000 per in. 76,000 per in., depending the direction grain 
across the cross average value 44,000 per in. used for 
then the total deformation becomes 0.044 in., accordance with the actual 
test data shown Fig. 

This theory does not explain the erratic resuits for the lower moisture con- 
tents. Possibly they may caused the facts that the effect moisture 
content the modulus elasticity little understood and that there 
experimental assurance that constant for all moisture contents. the 
lower moisture contents possibly the moisture was not distributed uniformly 
through the specimen, and also possibly variations humidity may have 
introduced discrepancies. 

The internal stresses the plywood the basis the foregoing analysis 
are interest. the parallel plies, for change moisture content 10%, 
cross plies, These internal stresses are considerable 
magnitude. The stress the cross plies apparently roughly equal the 
ultimate strength for standard tests clear specimens tension and 
compression across the grain, but the effect size transferring stresses from 
such standard tests the condition the unknown. Since the modulus 
elasticity direct tension and the modulus elasticity direct compression 
for wood are not equal and since some permanent deformation probably results 
from each cycle moisture change, plywood will eventually deteriorate under 
repeated changes moisture content. 

would interesting know the effect permanent loads specimens 
like those tested, since the effective modulus elasticity decreases with time. 
Fig. difficult discover which set points based the full 
thickness and which set based the effective thickness mentioned under 
the heading, ‘‘Analysis Data.” 

The symbol for thickness the lower flange introduced Eq. 12, does 
not appear Eq. 15. Since the investigation was prompted the warping 
box girders with unequal flanges, would interest compare the effects 
when using unequal and equal flanges. 


presents interesting discussion the internal stresses piece plywood 
subject varying moisture content. also raises very pertinent question 
concerning the interpretation Fig. Fig. the data Fig. 
are analyzed plotting the measured slope the curve Fig. against 
the calculated slope the theoretical curve (also shown Fig. for beams 

***Wood Handbook,” Forest Products Laboratory, U.S.D.A., Washington, D. C., 1940. 


Pres., State School Mines and Technology, Rapid City, Dak. 
* Asst. Research Engr., Sundstrand Machine Tool Co., Rockford, Il. 
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1,2,and4. The broken line Fig. fits the experimental points fairly 
theory and experiment agreed precisely, the solid line Fig. would pass 
through the experimentally determined points. 


Measured Slope 


-Using full flange thickness 
- Using effective flange thickness 


3 
Calculated Slope 


Fic. 12.—Comparison OF MEASURED AND ComPpuTep SLOPES am’ 


oF THE Maxtmum Deriection Curves 


The value given (under the heading, Analysis Data’’) the slope 


the solid line Fig. multiplied the length the specimen. 
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TRANSACTIONS 


Paper No. 2415 


CONTROL THE HYDRAULIC JUMP SILLS 


JOHN FORSTER! AND RAYMOND SKRINDE,? JUNIORS ASCE 


AND JoHN AND SKRINDE. 


The hydraulic jump phenomenon well known hydraulic engineers 
useful method dissipating excess energy and thereby preventing erosion 
below overflow spillways, chutes, and sluices. Violent turbulence inherent 
the jump has also resulted its use mixing and aeration processes. The 
value relevant data the design such processes has initiated many experi- 
mental investigations, that the dimensions and characteristics 
jump rectangular channel may predicted within practical limits. Ac- 
cordingly, the main difficulty designing any structure whose functioning 
dependent the formation hydraulic jump lies determining how 
insure the formation the jump and control its position, rather than pre- 
dicting its dimensions. 

When the normal tailwater depth such that supercritical flow tends 
continue downstream, formation jump may effected sills placed 
the channel bottom. Unless such sill properly designed, however, true 
hydraulic jump will not form, and the desired results will not realized. For 
example, drowned jump may occur, within which the high-velocity flow does 
not diverge satisfactorily; the flow may simply pass over the sill standing 
wave swell; may impinge upon the sill and deflected forward and 
upward sheet spray. these cases the aeration the energy dissipa- 
tion, both, may negligible compared that occurring true hy- 
draulic jump. 

The object the study described herein was investigate the performance 
such sills level rectangular channels, and attempt formulate general 
method design. The experimental results are shown compare favorably 

Norte.—Published in April, 1949, Proceedings. Positions and titles given are those in effect when 
the paper or discussion was received for publication. 

Beast” Hydro-electric Constr. Dept., Cia. Brasileira Administradora de Bervigoe Tecnicos, Sao Paulo, 

Hydr. Engr., Corps Engrs., Walla Walla Dist., Walla Walla, Wash. 
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with theoretical analysis, and data general application are presented 
dimensionlessly. 

Two types sills were investigated: First, vertical nonaerated weir with 
sharp crest, and, second, abrupt rise the channel bottom. Charts have 
been prepared which may used determine sill dimensions for preliminary 
design purposes and guide analyzing predicting the effect such sills 
under given conditions. 


THEORETICAL DEVELOPMENT 


The theory the hydraulic jump has been adequately discussed 
that full review here considered unnecessary. However, brief review 
the main relationships given basis for the development which follows. 

the case water forming hydraulic jump horizontal flume, the 
ratio unit inertial reaction unit gravity force criterion for dynamic 
similarity. Such ratio comprised the Froude number: 


—in which and are, respectively, the mean velocity and the depth any 
section, and the acceleration due gravity—so that geometrically similar 
cases such flow open channels will dynamically similar (that is, veloci- 
ties and pressures will similarly distributed) when the Froude numbers for 
the two cases are the same. 

Other forms this dimensionless parameter for dynamic similarity have 
been used; for example,‘ the “kinetic flow factor” the ratio the 
velocity head the depth flow The particular form used for open- 
channel flow matter individual preference. Owing its general sig- 
nificance, the Froude number has been used this investigation. For the 
condition critical flow, for tranquil subcritical flow, and 
for shooting supercritical flow, 

The conditions the jump phenomenon are such that the momentum prin- 
ciple may conveniently used analyzing the problem. first approxi- 
mation, the assumption made uniform velocity distribution before and 
after the jump. Considering the free body bounded the end sections, the 
level floor, and the water surface (Fig. the only external force effective 
changing the momentum the pressure acting each the end sections, 
where the pressure distribution hydrostatic. Considering unit width 
rectangular horizontal channel, the net force acting the direction flow 
equated the increase momentum flux between the sections; thus: 


Hydraulic Jump Terms Dynamic Similarity,” Boris Bakhmeteff and Arthur 
Matzke, Transactions, ASCE, Vol. 101, 1936, pp. 630-647. 


Hydraulic Jump Sloping Carl Kindsvater, Vol. 109, 1944, 
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which the specific weight the liquid; the density the liquid; 
and the rate flow per unit width. The equation continuity may 
written 

Vid; 


Combining Eqs. and eliminate and V2, and introducing the value 
for the approaching flow, leads the dimensionless relationship: 


For supercritical flow level floor, frictional resistance dissipates the 
energy the fluid, effecting decrease velocity and increase depth 
the direction flow. The water surface profile any 


WITH BAFFLE 


(c) WITH ABRUPT RISE 


Fig. 1.—Desgpru, VeLociry, AND Pressure RELATIONS IN THE HypRavuLic Jump 


point along the profile the flow conditions are characterized particular 
hydraulic jump will form where there occurs downstream depth 
that satisfies Eq. the downstream depth then decreased, the jump 
will recede downstream point where Eq. again satisfied. Similarly, 
the downstream depth increased, the jump will forced upstream and 
may drowned the source (sluice gate, overflow spillway, similar device). 

the downstream depth lower than that necessary for the formation 
jump, sharp-crested baffle abrupt rise the channel bottom may 
used increase it. either case, analysis the flow conditions may 
made similar that for the hydraulic jump, that only the equations ex- 
pressing the principles and momentum are necessary for solution. 

Dimensional the hydraulic jump phenomenon just 
considered, the sequent depth primarily dependent the depth and 


the velocity the supercritical flow, and the value which determines 


Dimensional analysis then leads the conclusion that expressible 


Hydraulics Steady Flow Open Sherman Woodward and Chesley 


y, John Wiley & Sons, Inc., New York and London, 1941, p. 64 
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—which functional relationship was previously developed (see Eq. 4). 
Similarly, the height the sill introduced into the channel effect 
the formation jump (see Figs. 1(b) and 1(c)) then, general, will depend 
before and and also the normal downstream tailwater 
depth and the distance from the toe the jump the sill. Thus: 


Dimensional analysis then leads the conclusion that expressible 
function and However, since the exact position the jump 
cannot treated theoretically X/d, will considered constant, with magni- 
tude sufficient insure complete jump. This simplifies the analysis that 


Analysis for Sharp-Crested Weir—In the case weir being used 
effect the formation jump (see Fig. 1(b)), further simplification possible, 
due the fact that, long the downstream depth less than that re- 
quired produce submergence the crest, the flow pattern upstream from 
the weir independent ds. Under these conditions eliminated 
variable, that for any given position the jump relative the weir, 


develop this relationship, first the momentum equation (Eq. for the 
hydraulic jump written before. Then the continuity equation for the 
previous case (Eq. must added term for the discharge over the weir. 
For sharp-crested, aerated weir with negligible velocity approach, the 
theoretical discharge equation 


However, this relationship not expected apply the case low non- 
aerated weir rectangular channel. For want something better, empirical 
coefficients may applied the theoretical expression order obtain 
first approximation. The continuity equation then becomes 


which and are coefficients defined follows: 


0.61, which the limiting value the Bazin suppressed weir coefficient 
for velocity approach approaches infinity. applies provided the 
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normal downstream depth will not affect the discharge over the is, 


which Forchheimer’s correct for nonaeration the nappe and 
valid for 0.4h. (This condition was found obtain for all experi- 
mental runs during the investigation.) 


Introducing these values and expressions for the coefficients (Eqs. 12) 
Eq. and eliminating certain variables, 


which, for brevity, 


and 


This implicit equation for terms and may solved trial. 
The resulting plot shown curve (a) Fig. 

Interpretation Fig. (a), Fig. indicates the theoretical rela- 
tionship, completed empirical coefficients, between the Froude number 
the approaching supercritical flow and the necessary for the formation 
hydraulic jump that complete upstream from the weir (providing 
not submerged). Coordinates lying above and the left the curve repre- 
sent conditions which the weir too high, that the jump forced upstream 
and may drowned the source. Coordinates lying the right the curve 
represent conditions which the weir too low, that the jump forced 
downstream and may washed out. 

The point 1,h/d corresponds the case critical flow discharging 
over abrupt fall the channel bottom. the analysis were exact, the 
curve would expected pass through this point, since for the unique con- 


***Hydraulik,” by Ph Forchheimer, B. G. Teubner, Leipzig und Berlin, 1930, p. 382. 
George Russell, Henry Holt and Co., New York, Y., Ed., 1941, 
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which Bazin’s weir coefficient provide for the effect approach 
(13a) 
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ditions critical flow However, for the computed value 
0.15 indicates inexactness this extreme limit due the em- 
pirical coefficients used the analysis. 

noted that there nothing inherent the solution which deter- 
mines the distance from the toe the jump the weir. The Froude number 
the flow that the toe the jump, and the only assumption relative 


Values of a 


1 2 3 a 5 6 7 8 


Values 


Fig. 2.—VaniaTion oF Retative Barrie HEIGHT witH F ror THE 


the distance that sufficient magnitude permit the establishment 
uniform velocity distribution the depth upstream from the weir. 
Variation with and must investigated experimentally rather 
than theoretically. 

Analysis for Abrupt the approach section below the 
level the normal channel will result abrupt rise the channel bottom 
which may also used control hydraulic jump. This case varies from 
that weir, however, that the flow pattern affected the tailwater 
depth for all possible conditions flow level channel. Consequently 
(see Fig. 1(c)), 


and this functional relationship also may developed use the momentum 
and continuity equations. 

First, the momentum equation between sections and identical with 
Eq. assuming hydrostatic pressure distribution the section the 
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abrupt rise, the force exerted the face the rise may evaluated 
and the momentum equation between sections and becomes 


Combining with Eqs. and 15, the continuity equation, 
Vi d; = V2 d: => V3 d; (16) 


and eliminating V2, gives 


solved trial. The resulting plot versus for certain constant values 


Values of 


Values of 


Fie. 3.—TueorericaL VARIATION OF ReLative Depru wits F 
anp Revative Heicut or Asrupt Risz CHANNEL Bottom 


Interpretation Fig. the chart (Fig. into three main 
regions are two lines, which pass through the intersection the coordinate 
axes. considering the conditions represented these dividing lines, the 
significance each region becomes apparent. The curve for 
defined the equation for the hydraulic jump level rectangular channel 
(Eq. 4), and thus represents equality between the normal tailwater depth and 
the sequent depth the supercritical flow. Above this line, the region within 
which greater than corresponds the case which drop the channel 
bottom (rather than abrupt rise) necessary maintain jump. 

The curves constant pass through minimum value 


setting the equation the line minimum F-values deter- 


d or da = 
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mined 


may shown that this relationship corresponds the condition that the 
tailwater depth critical; that is, 


or Vv 


However, flow not normally changed from subcritical supercritical 
forms, cannot less than Hence, the region below the line represented 
Eq. 18, within which cannot represent jump conditions assumed 
the analysis, but corresponds the case which jump forms, the super- 
critical flow shooting over the sill and continuing downstream. 

Between these two dividing lines, the curves indicate the theoretical rela- 
tionship between h/d,, and for the formation hydraulic jump that 
complete just upstream from the rise. For given abrupt rise and discharge 
channel, di, ds, and are known. The value indicates the 
position curve, whereas the coordinates (F, define point. this 
point lies the left the curve, the sill too high and the jump will forced 
stream toward the sill and may washed out. 

Further interpretation the curves may made considering the case 
which for fixed height rise the depth also fixed, sluice gate, 
that constant. The upper branch the corresponding then 
represents conditions under which true hydraulic jump forms. the dis- 
charge, and hence reduced, the constant indicates how the tail- 
water depth must decreased maintain stable jump, that ap- 
proaches Further decrease will then result the jump moving up- 
stream and drowning the initial conditions. (At this point, when discharge 
takes place over the the abrupt rise the critical depth, the effect 
the abrupt rise becomes essentially that weir. illustrate this, the four 
values (F, defined the line representing Fig. have been 
replotted The resulting curve (curve (b), Fig. agrees closely with 
that for the weir, and the discrepancy may attributed partly the error 
attached the empirical constants C2, and partly the fact that the 


assumption hydrostatic pressure distribution becomes less justified 
approaches 


The lower branch the Fig. (below the line cor- 
i 
responds qualitatively conditions which jump forms, the supercritical 


flow shooting over the sill and continuing downstream. Quantitatively this 


on —aiepentnty Mechanics of Fluids,”” by Hunter Rouse, John Wiley & Sons, Inc., New York, N. Y.. 
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section the curve will inexact, because the assumption made regarding the 
pressure distribution becomes quite unwarranted under these conditions. 


LABORATORY APPARATUS 


Experiments were carried out rectangular flume long, wide, 
and in. deep, having glass walls and brass floor. one end was 
entrance tank into which the water flowed through regulating valve from 
constant-level tank overhead. adjustable sharp-edged vertical sluice gate 
was used regulate the depth flow into the flume from the entrance tank. 
Downstream water depths were regulated steel tailgate, hinged the 
bottom, the outlet end the flume. Discharge was measured elbow 
meter, which had been previously calibrated sharp-crested weir, and the 
Rehbock discharge formula. Water depths the flume were measured 
three-pronged point gage mounted carriage sliding level rails. The 
prongs the point gage were spaced that readings were taken the half 
and quarter points across the flume. The gage could read vernier 
0.001 ft. 

Brass plates from 0.048 0.348 height were used weirs. For the 
abrupt rise, false bottom extended from the top weir the tailgate, 
distance approximately 2.5 ft. This false bottom could affixed flush with 
the top any the weirs, and leveled supports and shims. Brass plates 
used with this arrangement varied from 0.078 0.261 height. 

The maximum height sill used was limited the available head and the 
discharge measuring facilities. Minimum heights were limited magnitudes 
below which probable percentage errors involved the measurements were 
considered too high for the data value. 


EXPERIMENTAL PROCEDURE 


For the Weir—In the case the sharp-crested, nonaerated weir was 
decided maintain unsubmerged crest, assumed the theoretical 
development, order eliminate the tailwater effect, and hence the variable 


The investigation was then conducted determine the variation the 
form the water-surface profile (and hence with and 
Four values the ratio and 4—were investigated, and for 
each value runs were made determine the water-surface profile for 


(a) 4.5 (0) F=5 
| 
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certain fixed values within the practical range discharge. With and 
both fixed, true jump formed well upstream from the baffle for low dis- 
charge. With the increase discharge, and hence the toe the jump 
was forced downstream toward the weir (Fig. until the flow either shot over 
the weir sheet, passed over the weir standing wave surge, depend- 
ing the value the jump moved downstream and closer 


the weir, the water surface became more highly agitated, that the 
culty obtaining true mean profile increased. Each point profile was 
determined averaging three independent readings, one taken for each 
the three prongs the point gage. Each individual reading was taken 
setting the pointer position judged the mean elevation the fluctuat- 
ing water surface over period time. For each value runs were made 
using weirs over wide range size was practicable. Thus, for every 
one the four values several independent profiles were obtained for 
each several fixed values 

For the Abrupt previously explained, tailwater effects (and hence 
the variable were eliminated the case the weir maintaining 
unsubmerged crest, under which conditions the variation the relative posi- 
tion the jump with and h/d, was determined. order investigate the 
field fully possible the limited time available, was decided, the case 
the abrupt rise, maintain the relative position the jump constant (thus 
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eliminating the variable and investigate rather the effects the 
tailwater. Accordingly, for the abrupt rise, the investigation was conducted 
determine the variation d3/d, with and h/d, for the condition that 
This value was selected because seemed provide 
sufficient distance for the jump completed before the rise, and because 
the tranquil flow conditions downstream from the rise permitted quite accurate 
measurements Practically, this resulted jump, the toe which 
was slightly greater than upstream from the rise. 

For any given abrupt rise, was fixed regulating the sluice gate 
opening. The discharge, and hence was fixed regulating the inlet valve. 
Then, adjusting the tailgate, the toe the jump was made occur 
distance upstream from the rise. For this condition, values 
d;, and the discharge were recorded, and values and later computed. 
The minimum discharge under which such jump formed occurred when the 
tailgate effect was removed, and the discharge took place free fall the 
outlet end the flume. (Fig. illustrates conditions which 5.5 


Values of 


Values 
AND THE RELATIVE JuMP 
Throughout the experiments the depth measurement used determine the 
recorded value was made distance upstream from the sill. The 
point defined was convenient that was fixed for any given baffle, and 
lay upstream from the toe all but the longest jumps. 


EXPERIMENTAL RESULTS 


For the fixed values and the corresponding water 
surface profile was obtained using the unit length and that all 
recorded points could plotted dimensionlessly for several independent runs. 
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Consequently, for each the four values and for 
four five values were available, varying from the case which the jump 
formed well upstream from the weir that which the high-velocity flow 
shot over the baffle either spray standing wave. Fig. illustrates 
the sequence profiles for 

For the sake brevity these plotted profiles have not been included, only 
the summarized results being presented. Thus, for each the four values 
investigated the value corresponding three values (spe- 
cifically, and 10) was determined from the plotted profiles 
The resulting curves are shown Fig. where the theoretical relation from 
Fig. also plotted provide comparison with experimental results. 

For the Abrupt experimental results are for the condition that 
Fig. shows the variation with and for values 


d: 
Values 


Values 


RESULTS WITH THEORY 


For the relation the theoretical function versus 
the curves plotted from observed data indicated Fig. All the experi- 
mental curves lie the right the theoretical, but approach more closely 
increases, the velocity distribution the flow just upstream from the baffle 
approaches more closely the uniformity assumed the theoretical development. 

Also, obvious that the increment between the curves for and 
much greater than that between the curves for and 
10. This occurs because the velocity distribution closely approaches 
uniformity for any further increase having little additional 
effect. Thus, the curve for marks the closest approach that may 
expected experimental curve the theoretical. The remaining 
crepancy must attributed inexactness the theoretical development due 
the empirical coefficients used, and lack agreement between the experi- 
mental conditions and the idealized ones the theory. 


a 
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For the Abrupt comparing the experimental (Fig. 


with those the theoretical development (Fig. 3), apparent that within 
the range experimental data all the curves closely approximate straight lines, 
the slopes which are similar both cases. This would expected, 
the experimental results serve simply fix the position the curves for 


certain relative position the jump—namely 


However, the experimental curve for any value seen shifted 
somewhat the right the corresponding theoretical curve. This shift 
almost negligible for but preceding toward the right the chart, 
the values increase, the amount shift between the corresponding 
experimental and theoretical curves increases. The extent the maximum 


discrepancy within the experimental range, for the curve indicated 
Fig. 


may shown analytically that, the ratio increases (correspond- 


ing velocity distribution approaching uniformity the section the 
abrupt rise), the experimental curves shift the left toward the theoretical 


curves. Had the experimental runs been conducted with the ratio 


equal 
10, then, the case the weir, the experimental curves would approach 
the theoretical more closely. 

Fig. also apparent that the dashed line defining the lower limit 
the experimental range lies above the line defining the theoretical limit. This 
because the laboratory apparatus did not permit reducing the tailwater 


depth the critical depth; otherwise, the lower limit the experimental range 
would shifted downward. 


APPLICATION RESULTS 


practice, and the supercritical flow, and may computed. 
Then, provided sill may used prevent the hydraulic jump from 
being forced downstream. With these factors known, Figs. and are useful 
for the purpose either predicting the effect given sill the flow pattern 
determining the height sill required control jump. 

For the permits analysis the effect given weir for 
known supercritical and tailwater flow conditions, provided that the tailwater 
depth does not affect discharge over the crest—that 
any given case, the coordinates (F, h/d,) indicate unique point the diagram. 
this point lies between the experimental curves, hydraulic jump action will 
result, the corresponding interpolated value indicating the relative 
position the jump. the point lies above the curves, the jump will 
upstream; when drowning results, the weir will serve deflect any high- 
velocity bottom currents. the point lies below the curve 
shortened, incomplete jump spray action will result; only qualitative 


prediction the effect possible, depending the distance the point from 
the given curves. 
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For design purposes, proposed that the curve for Fig. 
used, under conditions maximum discharge. Then, for maximum dis- 
charge the weir will insure the formation jump, whereas for any lesser 
discharge the weir will serve create stilling basin which longer 
drowned jump occurs. 

The case the submerged weir has not been investigated 
Ordinarily, unsubmerged conditions prevail over wide range discharge; 
submergence occurs, the jump forced upstream with possible drowning 
result. 

For the Abrupt provides method predicting the performance 
given abrupt rise when ds, and are known. Three situations 
are possible, follows: 


First, the point (F, lies above the line the conclusion 
that that abrupt rise would serve only increase the drowning 
effect. Consequently, drop the channel bottom rather than abrupt rise 
necessary maintain jump. This case has not been investigated 
this study. 

Second, the point (F, lies within the experimental range (that is, 
between the lines for and d,), then the position the point rela- 


tive the corresponding curve indicates the effect the abrupt rise the 
1 
flow pattern. Thus, was pointed out earlier, the point lies the corre- 


the curve, the sill too low, that the jump will forced downstream toward 
the abrupt rise and may washed out; the left the curve, the sill 
too high and the jump will forced upstream and may drowned. 

Third, the point (F, lies the region below the line then 
the normal downstream flow supercritical—that is, the slope steep for the 
given discharge that the control section the abrupt rise. Formation 
jump then results discharge taking place over the crest the abrupt rise 
the critical depth, that the case analogous that the weir. Fig. 
may used, therefore, outlined the preceding section. 

Fig. may used determine the necessary length and depth stilling 
basin when and are known. For most tailwater rating curves, the 
critical condition—that is, that requiring the maximum value h—occurs for 
conditions maximum discharge. proposed, then, that the point 
(F, first defined for conditions maximum discharge, and the corre- 
sponding value determined interpolation. The effect the sill for 
lesser flows should then determined from the figure previously outlined, 
and necessary the sill height increased. For the expected range discharge, 
this procedure will indicate the minimum height sill necessary prevent the 
jump from being washed out. For the critical condition jump will form, and 
complete upstream from the sill, whereas for other discharges propor- 
tionally longer drowned jump will occur; the latter case the sill will serve 
deflect any high-velocity bottom currents. 


sponding curve, jump will form with 
1 
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When the downstream slope steep, and hence the tailwater depth less 
than critical, either weir abrupt rise the same height may used. 
Consequently, Fig. may used for design purposes. 


For any supercritical discharge rectangular channel, when the corre- 
sponding greater than hydraulic jump may created and prevented 
from receding downstream either weir extending across the channel 
abrupt rise the channel bottom. When the normal downstream depth 
less than critical, then abrupt rise and weir the same height are 
interchangeable. 

For conditions which the tailwater does not affect discharge over the 
crest, theoretical analysis, based the momentum principle and completed 
empirical coefficients, indicates definite relationship between the depth and 
velocity the shooting flow and the height sharp-crested, nonaerated weir 
necessary produceajump. similar theoretical analysis indicates definite 
relationship between Vi, ds, and the height abrupt rise necessary 
produce jump for conditions which d,. 

Data from experimental investigations conducted level rectangular 
flume verify these theoretical relationships within close limits, and any dis- 
may accounted for logically. The experimental data are pre- 
sented dimensionless charts—one for abrupt rise, corresponding the 
outlet depressed stilling basin, and one for low, sharp-crested, nonaerated 
weir—that provide method predicting qualitatively the effects such sills 
supercritical flow. These charts serve also indicate the type hydraulic 
jump control applicable under given conditions, and may used the design 
small structures, the preliminary design large structures indicating 
the range sill sizes investigated detail specific model studies. 
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DISCUSSION 


En-Yun has long been known, the hydraulic jump provides 
useful method dissipating the excess energy supercritical flow and con- 
sequently reducing bed erosion downstream from transition structures. 
Primary difficulties designing such structure are insure the formation 
stable jump and control its position for all probable operating conditions. 
Since various conditions may exist different structures, different types 
control are required. The authors have provided useful information for the 
control the jump using sills abrupt rises the channel floor for the 
condition that the downstream depth smaller than the sequent depth for 
normal jump. the other hand, the downstream depth larger than the 
sequent depth for normal jump, drop the channel floor must used— 
the case for mentioned the authors. The problem jump 


stabilization, drop, encountered primarily the end high-velocity. 


expansion, and was studied the writer the Iowa Institute Hydraulic 
Research, State University Iowa, Iowa City, under Project 67m the 
Committee Hydraulic Research the ASCE Hydraulics Division. Since 
the results cover the incompleted half Fig. they are presented here- 
with. 

Through dimensional analysis the general form the relationship between 


which (see Fig. the velocity approaching flow; and are the 
depths before and after the jump, respectively; the magnitude the rise 
(negative for drop) the channel bottom; and the Froude 
number the approaching flow. shown the authors, the form the 
function may determined with good approximation for positive values 
through the use the momentum and continuity principles. This procedure 
also holds true for negative values, except that several conditions flow are 
possible. 

For given Froude number the approaching flow, the downstream depth 
may fall any five regions. The lower limit region (Fig. 8(a)) the 
depth which the jump will begin travel upstream and the upper limit 
region the depth which the jump will begin travel downstream. 
Evidently the drop does not control the jump these two regions. fact, 
the jump, such, stable position and the drop effective for its desired 
purpose only regions and The intermediate region represents 
undular state flow without breaking front. 

apply the momentum equation either the two stable conditions, 
assumption must made the longitudinal force acting that part 


* Research Associate, Iowa Inst. of Hydr. Research, State Univ. of Iowa, lowa City, Iowa. 
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the fluid contact with the face the drop. simplify the analysis, the 
pressure the drop was assumed hydrostatically distributed, its magni- 
tude depending whether the jump upstream from the drop region 
downstream from the drop region other words, assumed that 


Jump travels upstream 


the intensity pressure the drop proportional the downstream depth 
region and the upstream depth region 


Based these simplified assumptions, the momentum equation for sec- 
tions (1) and (2) region (see Fig. 


which the specific weight the fluid and the discharge per unit width 
the channel. From the continuity equation, 


q= Vi d, = V3 ds mas (22) 


Eqs. and are combined and reorganized, the following expression 
for region 


pal Wa (23) 


region (Fig. 8(c)), the momentum equation has the form: 


(a) 7 7 
a” V: 
3 
Vi 
V3 


990 HSU HYDRAULIC JUMP 


Eqs. and are combined, the counterpart Eq. obtained for 


Plots Eqs. and are shown Fig. for various values 
the familiar expression for the hydraulic jump level floor. 


Equation (21) 
—-=<= Equation (25) 
— — Equation (4) 


Fic. 9.—ANALYTICAL CHARACTERISTICS OF ReGcions 2 AND 4 


Experiments verify these relationships were conducted the Iowa Insti- 
tute Hydraulic Research the same 1-ft rectangular glass-walled flume 
used the authors. The upstream end the channel bottom was elevated 
2-in. concrete slab, and adjustable sharp-edged vertical sluice gate 
was used regulate the upstream depth. The discharge was measured 
calibrated elbow meter. The highest Froude number obtained was approxi- 
mately 10, and the was from 

Fig. the experimental counterpart Fig. only those parts the 
analytical curves being retained which are followed the measured data. 
The latter agree closely with the simplified analysis for both regions; and they 
also delineate systematic trend the undular transition between the two. 
The relative height drop required stabilize jump for any particular 
combination discharge, upstream depth, and downstream depth may evi- 
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dently determined from this diagram. Since the curves Fig. represent 
the missing part Fig. superposition the two families the same dia- 
gram should provide complete information for the control the jump either 
drop rise the channel floor. 


ds 
Values of a 


Zone authors’ experiment 


Fie. VERIFICATION OF THE ANALYSIS 


estimate the sill head rectangular channel 
the authors use the formulas for the weir developed Bazin his investiga- 
tions made from 1886 The propriety applying these formulas for 
the jump conditions may rather doubtful, because they are based the 
assumption that the flow the channel might characterized com- 
paratively regular distribution velocities. The authors themselves ascertain 
this fact their “comparison results with theory.” The application 
several Bazin formulas thus has certain objections. 

For example, the discharge formula, Eq. (known the 
Poleni formula 1717) was never used without discharge coefficients, such 
the basic Bazin formula (for feet units)— 


this case not necessary that approach infinity. 


Prof., College Eng., Notre Dame Univ., Notre Dame, Ind.; formerly the Faculty Civ. Eng.. 
Univ. of Vytautas the Great, Kaunas, Lithuania. 
Experiments the Flow Water Over Bazin, Proceedings, Engineers’ Club 


Vol. 1890, pp. 259-310; Vol. 1892, pp. 231-244 and pp. 287-319; and Vol. 10, 1893, 
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This formula, like Eq. 12a, also not limited the condition 
formula (Eq. 12b) only. 

The third formula for (Eq. not the expression for the coefficient 
Ph. Forchheimer; another the Bazin formulas, which clearly 
formulated even the work The writer was not able 
check the statement the authors that this condition was obtained during all 
experiments; therefore, not quite evident that the authors had applied the 
right formulas from the entire series proposed Bazin. may that this 
fact could cause the big disagreement between the experimental data and the 
“theory.” 

its experimental part, this paper worthy attention and can 
useful contribution developing practical application. 


CHARLES research work reported this paper 
commended because its general The equation momentum 
one the most powerful devices for computing uniform and nonuniform flow, 
and any effort check the theoretical results laboratory experiment should 
supported and encouraged. The principal results the study are sum- 
marized Fig. and Eq. are the form presented the 
writer Assuming that Eq. can written directly for profiles 
(1) and (3), Fig. 1(c) (assuming 1), 


“1 


Substituting a’; a’; and Oin Eq. the result gives momentum 
nonuniform velocity distribution and accounts for pressure distribu- 
tion that may different from the hydrostatic pressure the sill weir— 
becomes 


2 
The curves function are represented Fig. which com- 
parable straight line Fig. becomes parabola Fig. 11; the 


Special Technical Hydraulics and Hydr. Structures, College, London, 
Cons. Engr., English Electric Co., London, England. 


Mischungsvorgang bei ploetzlichem Charles Jaeger, 
und Wasserwirischaft, Vol. 31, No. 24, 1936. 


7 
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3. 


(hydraulic jump) Fig. the curve Fig. 12, for the case 
negative sill, should interpreted similar manner, can also the 
problem river bed Figs. and represent all possible 
solutions Eq. 27, for positive well for negative sills. Fig. represents 


2.0 


Values of 
uo 


Values of 


Fie. 11 


only part this range solutions. satisfaction the writer thus 
find his own studies confirmed more recent laboratory experiments; and 
agreement with the physical interpretations presented the authors. 
The writer proposes to.comment three phases the paper: 


(a) Fig. the experimental curves are offset somewhat the right 
the theoretical curves. The authors attribute this offset effect the non- 
uniform distribution velocities. the other hand, the 
quantities and actually decrease and the theoretical curve will 
fact, move the left. The writer has found that a’; and a’; are always very 
nearly equal (One does not need know the value profile (2), 
Fig. (as probably is), the theoretical curve moved the 
right meet the experimental curve. the writer, this translation the 
curve means that the pressure distribution the vertical sill not hydro- 
static—it cannot hydrostatic because the necessity curving the stream 


Charles Jaeger, Basel, 1949, pp. 150, 152, 158, and 159, 
Figs. 88, 89, 94, and 95, respectively. 
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tubes and because the turbulence near the sill. some experiments 
students the Imperial College, London, England, values were found 
cases where the occurrence bridge piers narrowed the section. 

(6) There are other parts Figs. and that are not represented 
Fig. These characteristics have been investigated, thus indicating that real 
hydraulic solutions are available for these problems well. Koch and 
have done some research the problem streaming flow 
over positive sill and spent long time investigating conditions 
negative sills. 


- 
= 
y 
a 
> 


Values 


When analyzing the energy the flow that represented some the 
other solutions these diagrams, the investigator finds that some parts 
the curves are not adaptable real hydraulic solutions. 

There need for further research work explore the possibility 
further solutions for the different curves Figs. and 12. date, only 
parts the entire areas have been investigated. For example, more accurate 
measurements and will probably show even closer agreement 
with theory. the whole, the results found the momentum equation 
have agreed remarkably well with the results tests, but extension these 
tests still indicated. 

der Wassers und den dabei auftretenden Koch and Car- 
stanjen, Springer, Berlin, 1926. 


Générale Hydraulique, Nos. 21, 1938, and Nos. and 26, 1939. 
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The momentum equation was introduced into hydraulics 
1849 and 1860. They established comprehensive theory, 
introducing the function— 


—or “total momentum.” Experimental research followed Bazin, 
Gibson, Mr. Koch, Einwachter, Smetana, Mr. Escande, Nebbia, 
Boris Bakhmeteff, Hon. ASCE, and Woycicki investi- 
gated the case the drowned flow below gate and Favre studied the 
lateral spillway and the lateral flow water into primary stream. The 
equation momentum has also been used for the computation nonuniform 
flow (translation waves). Model tests have demonstrated how the height 
the wave crest depends not only the variation the discharge (as the 
case the wave body) but also the variation impulse. systematic 
research work has been done this interesting problem. 

One important case that was solved similar lines Eq. the compu- 
tation partly working surge tanks, proposed 1930 for the power station 
Wettingen, that particular case, the computations for 
translation waves had combined with surge tank computations. These 
are some the problems whose solution means the momentum equation 
represents considerable amount successful research work. 

Figs. and also indicate the particular domain where the equation 
momentum offers solution. Physically, this means that the hydraulie jump 
becomes unstable and moves upstream downstream. Similarly, there are 
certain areas which the Bernoulli equation does not apply. Are these two 
domains, with their imaginary solutions, the same? What the connection 
between “total momentum” and energy? These theoretical problems have 
led some further research reported the writer 
and 

When the investigator dealing experimentally with particular problems 
outlined this discussion under topic (c), the more general aspect the 
equation momentum described the paragraphs following topic (c) should 
kept mind because there that the explanation many the diffi- 
culties encountered found. 


17 “Notes sur le cours d’hydraulique,” by J. B. Bélanger, Mémoires, Ecole Nationale des Ponts et 
Chaussées, Paris, 1849-1850. 


Charles Jaeger, Basel, 1949, pp. 92. 
® Ibid., pp. 137 to 160. 


die Eigenschaften von Schwiillen und die Berechnung von Unterwasserstollen,” Meyer- 
Peter and Favre, Schweizerische Nos. and 1932. 


zwischen und Energieminimum der Hydraulik,” Charles 
Jaeger, ibid., April 18, 1931. 


Nos. and 34, 1943. 


totale ses rapports avec totale d’un courant liquide surface libre,” 
Charles Jaeger, ibid., Nos. 1947. 


Flow Open Channels: The Problem Boussinesq,” Charles Jaeger, Journal, Inst. 
C. E., February, 1948, p. 338. 


%***Technische Hydraulik,” by Charles Jaeger, Birkhfiuser, Basel, 1949. 
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Lovis Jun. ASCE.—The results this paper present 
unusually good data the hydraulic jump, and the authors are com- 
mended for the manner which they conducted the tests. The curves pre- 
sented lead the engineer closer the rational design stilling basins. The 
discrepancy between the theoretical and the experimental curves leads 
more complete analysis than that given the paper. 

Abrupt authors state that the experimental curves for the abrupt 
rise (Fig. are parallel, straight lines. equation fit the experimental 
data was easily found plotting against with the parameter being 
straight-line curves values all having approximately the same slope. 
The resulting equation fits the experimental curves within 5%, and had 
greater error than the spread the plotted points: 


—which includes the necessary variables and Fig. shows the 
agreement between the authors’ experimental curves and the empirical equa- 
tion. 


——— Author's Experimental Curves, Fig. 7 


for abrupt rise 


Values 


Values 


adjusted equation then follows: 


showing the resulting drop the water surface below that required for jump 
without abrupt rise. Within the limits the authors’ studies, follows 
that the 2.5. may prove useful rule thumb that the 
drop the water surface below that level required theoretically for would 
about 40% the height the abrupt rise. 


Prof. Civ. Eng., Carnegie Inst. Technology, Pittsburgh, Pa. 


ds ’ dy d; ( ) 
ar 
9 
4 d3 =F} A 
h 
for 
1 2 3 4 5 6 7 8 9 10 be 
ex 
pl: 


LAUSHEY HYDRAULIC JUMP 997 


Fig. another plotting the authors’ data (based the curves 
Fig. show this drop. The care with which the experimental work must 
have been done evident. Denoting the ratio which 
the depth computed from Eq. these observations follow: 


(1) The ratio decreased raising constant) decreasing 
constant); 

(2) The jump and the drop the water surface are little affected the 
rise when high; 

(3) The ratio approaches 1.00 for all values and when becomes 
very large; 

(4) were increased and constant), must lowered the jump 
not move the basin; and 

(5) empirical equation for follows: 


and 


designer might consider the ratio importance when the tailwater 
low and depressed basin considered. The ratio the depth tail- 
water which may used compared the depth computed for the plain 
jump. not considered new variable, but may useful design 
shown the form Fig. 15. Calling the empirical data, 


2 2 
Again, 
2 


Fig. shows the agreement between the experimental data and the curves 
computed from Eq. 33a. This was facilitated choosing values 
being taken directly from Fig. being computed function 

The difference between the theoretical and experimental curves was ex- 
plained the authors due nonuniform velocity distribution which 
existed the ratio They are correct stating that, when 
X/(h approaches 10, the experimental data will check closer with the 
theoretical curves. However, nonuniform velocity distribution will not ex- 
plain all the discrepancy. 

The omission dynamic force the face the abrupt rise not per- 
missible. Although the force small some cases, becomes exceedingly 
important when the jump close the rise. 

long greater than the length the jump, the assumption can 
made that the jump not changed the rise that follows. Thus, the 
authors assumed that there drop the water surface from depth 
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lower level the rise. This problem can also analyzed easily the 
energy equation. The following basic equation applies long Ly: 


d,)* 


whic the head loss jump; the correction coefficient for 


kinetic energy; and the coefficient for contraction loss the rise. 
fact, the exact theoretical curves can duplicated Eq. and 
The writer computed half dozen points which checked exactiy. 


dyth 
wo 


Values 
Values 


from Fig. 


Authors’ Data from Fig. 


& Values Computed from 
Empirical Equation 


Fic. 14.—Percentace Drop ‘in THE Water Sur- Fic. 15.—VeERIFICATION OF EXPERIMENTAL Data 
race Over THE ABRUPT RISE a8 A FuNc- AND EmptricaL Equation ror Deprus ON 
TION OF F anv H/d: AND Berore THE Asrupt Rise 


basic fact that the hydraulic jump can analyzed the energy 
the momentum principles provided the head loss known when the energy 
equation applied. Thinking may less confusing both are applied 
provide better understanding the problem. However, both the energy 
equation and the momentum principles, imperative know the velocity 
distribution compute, correctly, the true momentum and energy point 
thus deriving equation that checks experimental data. 

The abrupt rise can easily analyzed the following equation long 
Ly: 


d3 


Valuec of 


a 

0.90 
/ | 0.80 VA | 

wa 
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The writer computed fifteen values from the experimental data. 
This coefficient averaged 5/3 and varied very little from this value, which 
reasonable one. Fig. points are shown computed from 35, which 
show the close agreement, when taken equal 5/3. 


d3 


Values of 


Values 


Fig. 16.—AGREEMENT Between Curves, Fia. 7, anD MopIFIED 


Eq. 15, based the momentum principle, must also modified include 
the correct coefficient for momentum point and, therefore, Eq. must 
modified follows: 


which the correction coefficient for momentum; assumed 
2.0, the value for rectangular flat plate; and the dynamic force the rise 


CoyhV? Coyh? 

Actually varies, but the force small within the experimental range, and 
the variation would produce negligible difference. average value 1.25 
was computed from the data for a’. However, varied considerably more 
than and seemed function the Froude number. The 


a’ F 
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The use the proper value and the dynamic force the rise 
Eq. 15. using values 1.25 and the drag force with 
2.0, points were computed and they are shown for comparison Fig. 16. 
course, the correct coefficients would give exact agreement. 

The fact that the momentum and energy section could computed 
average value the velocity also may incorrect. However, the 
error would smaller than section 3—either the coefficients introduced 
could provide the lump correction, further investigation velocity dis- 
tribution could provide more exact values. 

The writer has emphasized the fact that, when the abrupt rise placed 
after the jump, the problem simple and need not confused directly with 
the hydraulic jump. and are known, then and follow, and the 
correct drop down can computed easily either momentum energy 
principles provided the velocity distribution and the contraction loss the 
rise are known. 

Weir.—It was stated that the abrupt rise when the rise and 
weir should important superimpose the experi- 
mental curves Fig. onto Fig. for the weir. The agreement 
between the two shown Fig. where noted that the values for the 
ratio fall perfectly into line. 


Values of 


the Abrupt 
Rise, d,= de 


Values 


Fic. 17.—SmLarity oF THe Aprupt Rise at Critica, Depts wits THE Wetr, Fic. 6 


The two theoretical curves (at equals about 10), Fig. also agree 
reasonably well. Why should not curves for the weir and abrupt rise critical 
depth the same for other ratios, long Ly? The same barrier 
height should cause approximately the same velocity distribution and force 
the rise, irrespective what happens immediately after the barrier. These 
observations the close correlation between the limiting case the abrupt 
rise, and the weir suggest that one analysis (the abrupt rise) should 
suffice for both. The main whether the flow above, at, below, 
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critical depth the rise. The trend the analysis should the same, 
although slight variations naturally may occur due the difference between 
the length the rise cases. would most acceptable the 
limiting case the abrupt rise would eliminate the terrifying Eq. 13a, based 
questionable coefficients, for the weir. Nothing should that complicated. 

The weir analysis unnecessary, therefore, except show the variation 
terms for values The authors state that, when the down- 
stream slope steep and the depth less than critical, weir abrupt rise 
the same are interchangeable. Fig. supports this statement. 

attempt predict the change the experimental curves the abrupt 
rise (Fig. 7), when not equal possible combining the 
data for the weir with the abrupt rise. first approximation for similar 
Project points from Fig. the line Fig. Then rough curves 
can sketched the existing ones Fig. 

Additional fact that H3-backwater curve exists up- 
stream from the jump may the cause some error the depth measured 
constant distance upstream from the rise, which may upstream from the 
toe the jump. matter interest, there were backwater curves 
upstream and downstream from the jump, could probably take place any- 
where along the channel and would likely unstable position. move 
the jump upstream, the downstream depth must increased. Some this 
added depth required simply satisfy the new, higher Froude number (the 
discharge being constant). measured too far upstream, the depth 
the toe the jump will higher than expected and the Froude number should 
really lower. This condition, combined with slightly lower than com- 
puted, would move the experimental points toward closer agreement with the 
theoretical curves. for precise work the depth should measured 
the toe the jump, especially when the ratio varies considerably. 
rate, the backwater curve separate problem whose solution can handled 
adequately for each situation that occurs practice. not fundamentally 
important the analysis the hydraulic jump, and there need dupli- 
cate model studies the backwater curve already complicated problem. 

The ratio must frequently computed function Ordi- 
narily, will known the engineer. rapid method for 
approximating (F*) mentally follows: Set down values 
from Values are then tabulated quickly plus the previous 


The value will the difference between the preceding and the existing 


vaiue— 
2 = 
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would interest the authors would state whether they measured 
which was assumed exist before the rise, see agreed with the 
computed value. other words, the jump preceding barrier (as long 
any different dimensions energy loss from similar jump 
level channel? 

The methods presented for the abrupt rise and weir cannot used when 
the X-distance less than the length the jump. The theoretical depth 
would certainly not exist upstream from the rise, and possibly not all. 
would difficult problem. The momentum equation would most ap- 
plicable, but study the velocity distribution, dynamic force the face 
the rise, and assumption hydrostatic pressure would absolutely necessary. 
Research this kind may have value the design even shorter satisfactory 
stilling basins certain instances. 

complete study velocity distribution necessary the problem pre- 
sented the authors. long Ly, should possible express 
the coefficients a’, and functions which would complete 
the problem also considering the placement the jump with respect 
the rise. 


this remarkable study, the authors have devised 
set simple rules for determining the height, sill that will create 
true hydraulic jump selected point rectangular channel, the flow 
being supercritical. Observations two types sill are reported—a sharp- 
crested weir and vertical jog the channel bottom. the two, the sharp- 
crested weir seems least practical because, more commonly, such barrier 
would the form broad-crested weir. Convenient graphs are pre- 
sented for the solution equations developed from laws that govern the 
creation the jump, and from laws that apply fluid flow over weirs and 
open channels. The use nondimensional coordinates makes the application 
the charts exceptionally simple. 

The same problem proportioning the sill can solved very simply, 
without recourse design graphs, with the following formula proposed 
Guido 


y?2 2 2 
in which H, = d, + dz = d; = and 


Eq. can applied directly for the case the abrupt 


rise, which the jog the channel generally created excavation the 


Asst. the Inst. Hydraulics, Univ. Naples, Naples, Italy. 


proporzionamento traverse soglia prolungata per dissipatori Guido Nebbia, 
Acqua e Gas, Roma, 1938. 


dissipatori salto Bidone, Basi Guido Nebbia, Elettrica, Milano, 1940. 
dissipatori salto Bidone, Ricerca Guido Nebbia, ibid, Milano, 1940. 
dissipatori salto Bidone, Norme proporzionamento,” Guido Nebbia, Milano 1940. 
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original bottom depth between sections 0-0 and 3-3 (see Fig. 18). 
Then the designer generally knows the value the unit flow the depth ds, 
and the depth which dependent the conditions upstream from section 
0-0. Fig. shows that: 


and 
2 


Eq. and, then, from Eq. 


the case weir (sharp crested broad crested) the solution for 
trial and error, solving for successively assumed values Since the 
value changes relatively little with corresponding values the final 
solution generally requires more than two trial computations. 

has advantage over Fig. which depends sharp-crested weir 
coefficients, and therefore convenient when the weir has broader other 
structurally resistant crest. 

their interpretation the experimental results, the authors properly 
state that, had the length been sufficient develop the jump completely, 
the experiments would have checked the theory more exactly. Mr. Nebbia’s 
confirm this observation. Under the heading, Ap- 
plication Results,” the authors propose that the curve for 
Fig. used, under conditions maximum discharge.” Mr. Nebbia has 
presented evidence that there are conditions which the highest value 
can found discharges less than the maximum, especially when the total 
head, H,, the flow lower stage constant under varying 


hydraulic jump because either the tailwater may have been too low, which 


Hydr. Engr. Laboratory, Norris, Tenn. 
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case the jump would not occur the desired reach, may have been too 
high, causing the jump submerged. The authors have made extensive 
study two solutions for the first condition. each, the water depth was 
raised, weir action, the depth required form jump. 

complete theoretical analysis, based the assumption that submergence 
the weir would not occur, was made for weir and abrupt rise the 
channel floor. The formula for unsuppressed weir with velocity 
approach was used with corrections applied account for suppression 
the weir, velocity approach, and nonaeration the nappe. The theoretical 
analysis interesting but, inasmuch the values the correction coefficients 
used the derivation are approximate and the inflexibility the formula 
limits its application, the practicality the equation questionable. 

The results the test agreed reasonably well with the theoretical analysis, 
but discrepancy existed which may explained tests that .were con- 
Jun. ASCE, and the Carnegie Institute Technology, Pittsburgh, 
Pa. These tests were conducted determine the effect sill the tail- 
water depth the hydraulic jump. The curves Fig. indicate the presence 
velocity distribution such that which existed the foregoing tests. 
When the ratio was small, the discrepancy between the theoretical and 
the actual curves was large, whereas the theoretical and actual curves were 
almost identical when was relatively large. the larger values 
the velocity distribution became more uniform than any previous value 
The theoretical formula applied actually only the high values 

The were conducted 40-ft flume square with adjustable 
inclined weir permit fine adjustments the tailwater depth. Sills in. 
wide, varying heights extending the full width the flume, were mounted 
such manner that the force the water impinging the sill could 
measured standard electrical strain gage methods. The initial depth was 
controlled allowing the water flow under inlet plate that was fixed 
0.2 above the floor the flume. The general testing procedure consisted 
measuring the force the sill various locations throughout the jump and 
the tailwater depths the end the jump. The results from the tests 
which the end the jump was over the sill were plotted the dimensionless 
ratios the initial depth, the critical depth, and the measured 
tailwater depth, the calculated theoretical tailwater depth, required 
form jump. was found that the ratios ranged between 85% 
and 100% and that the values were function the ratio and 
the sill height. value decreased the height increased. the 
sill height increased, height was reached which jump would not form 
upstream from the sill. 

was also found that the force the sill decreased rapidly minimum 
the end the jump was moved upstream position approximately over 


**‘Effecta of Rectangular End Sills on the Hydraulic Joe. in a Level Rectangular Channel,” by 
L. M. Laushey, Carnegie Inst. of Technology, Pittsburgh. Pa., 1947. 
Rectangular End Sills the Hydraulic Level, Rectangular Channel,” 
R. M. Anderson. Carnegie Inst. of Technology. Pittsburgh, Pa . 1948. 
Study Forces Rectangular End Sills Jump Level, Rectangular Channel,” 
Technology, Pittsburgh, Pa., 1949. 
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the sill. The force then slowly increased constant value the jump was 
moved further upstream. was suspected that the change force the 
sill was due change the velocity distribution from one end the jump 
the other illustrated Fig. 19. Observations the action glass 
sided flume partly confirmed this theory. 

The nonuniform velocity distribution increased the momentum above that 
existing for uniform velocity distribution the same tailwater depth. 
With the increase momentum the pressure requirement was reduced, thereby 
decreasing the depth. This condition may verified substitution the 
pressure-plus-momentum equation which must 


Initial depth 


Force Sill 


Position of Jump with Respect to Sill 


Fig. 19.—PossrsLe DistrisvTion Wirstn a Hypraviic Jump A SILL AND THE Force 


analysis the results showed that: (a) These tests proved that placing 
sill the end hydraulic jump reduced the tailwater depth below the 
theoretical depth required form jump; and the reduction tailwater 
depth was caused change the velocity distribution due the introduc- 
tion the jump. The results further disclosed that the assumption 
uniform velocity such was made Messrs. Forster and Skrinde was not 
entirely justified. 

The tests conducted Carnegie Institute were per- 
formed under conditions similar the tests made the State University 
Iowa Iowa City, reported this paper, with one exception. the 
former attempt was made maintain the downstream depth and the tail- 
water the jump the same level using the sill raise the tailwater. 
This attempt was not always successful, but was never unsuccessful that 
the sill became the control. The control was located well downstream from 
the sill all times. 

view the fact that nonuniform velocity distribution existed the 
tests conducted the State University Iowa, reduction the jump tail- 
water should occur. The theoretical curve should have been determined 
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the expected tailwater and not the tailwater computed the hydraulic 
jump formula. The tailwater that should occur would less than that com- 
puted. Substitution the expected tailwater into the theoretical formula 
will reduce the value thereby lowering the curve nearer the actual 
results. 


through this paper the writers discover once that presents 
interesting mathematical exercise. They are the opinion that every studious, 
serious-minded engineer, before applying the results contained the paper 
actual practice, would feel necessary verify the rather unusual and 
difficult algebraic transformations involved the preparation the paper. 
The usual engineer active practice, however proficient may have been 
mathematics while college, rapidly forgets many details, and soon loses the 
facility the professional mathematician. regretful, therefore, that the 
authors the paper did not include few more brief descriptions the steps 
followed its mathematical treatment. 

attempt remedy this deficiency, the writers venture suggest the 
following explanatory notes, particularly the young inexperienced engineer 
who contemplates contributing further original studies this field. should 
remembered that there are, course, many possible variations details. 

the value from Eq. substituted Eq. the resulting equation 
cubic which means that has three values terms the other 
variables. also rather obvious that factor both members 
the equation. Dividing both sides reduces the equation 
quadratic, which may easily solved any the usual methods. must 
remembered that eliminating the factor one the roots the 


Substituting the quadratic becomes 


the use Eq. the second member this equation may also written 
———— —.. 
particular should determined the existing situation. The 
authors apparently chose the third last the three forms for their subsequent 
derivation Eq. 13a. This natural procedure because Eq. expresses 
the mathematical relation necessary for the formation the jump, and 
the value given Eq. may substituted. This substitution intro- 
duces the height necessary for the assumed controlling sharp-crested weir and 
relates the effect the weir the formation the jump. 
following this procedure, however, formidable and somewhat bewil- 
dering complications arise. squaring both sides Eq. 11, since and 


these three possible forms the best one use the 


Cons. Planning Engr. with TVA, Tenn. 
Eng. Aide, TVA, Knoxville, Tenn. 
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expressed Eqs. and are both binomials, their squares are 
each trinomials and their product contains nine terms corresponding the 
nine terms contained within the large bracket Eq. 13a. These terms 
contain powers and products the two ratios Eqs. and 
essential sooner later eliminate all redundant forms the variables. 
Having decided retain variables and defined Eqs. 136 and 


r - 


These substitutions result Eq. 13a printed with slight variation the 
third significant places. reduce Eq. 13a standard form necessary 
use the binomial theorem expand the indicated powers, perform the 
indicated multiplications, and remove the denominators. The expansion 
produces nearly fifty terms, but combining similar terms the number 
reduced eight. The equation then becomes 


plotting curve (a) Fig. represent Eq. 41, necessary compute 
few points the method successive approximations. the 
seventh degree both and which means that convenient integral 
value for either variable substituted Eq. there may seven correspond- 
ing values the other variable which will satisfy the equation. Some these 
values, perhaps most them, may imaginary. Fortunately the curve 
appears rather flat that small number points will suffice de- 
termine it. 

convenient begin with points near the origin where the values 
the coordinates will relatively small. Thus, assuming that the 
independent variable and the dependent variable, let Then Eq. 

Solving the quadratic, 1.396 0.583. Only positive values are 
probably practical interest. 

resulting seventh-degree equation indicates that there may seven positive 
roots values which satisfy the equation. successive trial found 
that 3.56 one such value. Continuing similarly, sufficient points may 
found complete the drawing curve (a) Fig. 

the writers’ aim emphasize the importance making clear the 
complex mathematical processes used, that the practicing engineer may 
utilize with confidence the curves shown Figs. and 


Through the discussions, for which the writers wish express their apprecia- 


Engr., Hydro-electric Constr. Dept., Cia. Brasileira Administradora Servicos Tecnicos, Paulo, 
razil. 


“ Hydr. Engr., Corps of Engrs., Walla Walla Dist., Walla Walla, Wash. 
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tion, there has been presented some interesting material. This has contributed 
the paper three ways: Various aspects the theoretical analysis have 
been presented; new interpretations of, and additions to, the experimental data 
have been brought light; and, addition, the paper has been amplified 
the presentation data for the negative sill and consideration conditions 
under which the hydraulic jump does not form. These three general phases 
the subject will treated order. 

Theoretical the theoretical analysis sill used stabilize 
hydraulic jump (Fig. there are available equations expressing the principles 
continuity, momentum, and energy. Only the continuity equation, written 
terms the mean velocity and depth any section, independent the 
velocity distribution, that, barring air entrainment, Eq. should apply 
all cases. simplify the situation may assumed that the jump 
complete section upstream from the sill, and that the velocity distribution 
uniform sections and Assuming negligible boundary shear, the 
momentum equation written between sections and then yields the relation 
between and given Eq. which has been verified previous labora- 
tory investigations. still necessary relate the sill height the other 
variables. Unfortunately, however, the formulation such relation 
through any one the aforementioned principles, certain difficulties arise. 
Thus, extension the continuity equation entails the use discharge coeffi- 
cient; the momentum equation between sections and involves the force 
exerted the sill, whereas the corresponding energy equation contains term 
for head loss. Such difficult terms can generally expressed only resorting 
assumptions empirical coefficients which are applicable over limited 
range only. this connection interesting compare the ideas presented 
the various discussions. 

Abrupt first the energy equation between sections 
and becomes necessary evaluate the head loss the abrupt rise. The 
assumption zero loss would not appear unreasonable the rise the bottom 
were accomplished streamlined transition, but appears untenable the 
case the abrupt rise under consideration. 

Nevertheless, Mr. Viparelli has suggested solution this basis (Eq. 
order determine the specific head Eq. presented, which, 
stated: same problem proportioning the sill can solved very simply, 
without recourse design graphs *.” This equation may also written 
directly terms the parameters used the analysis presented the paper: 


0.025 


For several values the corresponding values have been computed 
successive approximation and plotted Fig. along with the curve cor- 
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responding Eq. The extremely close agreement reveals Eq. 
simply another relation for the normal hydraulic jump, which has been com- 
the inclusion superfluous dependent Whereas Eq: 
explicit, Eq. has the disadvantage being implicit. 


Theoretical curves for 
for jump | Equation 17(from igure 3) 


(c) Equation 28-b 


© Values computed from , 
Equation 42 


Values of F 


Fie. Curves For RISE 


combining Eq. (assuming energy loss between sections and 
and the momentum equation (Eq. for the hydraulic jump, the solution cor- 
responding Mr. Viparelli’s proposal may written follows: 


Fig. 20, the corresponding curve (b) for has been plotted for com- 
parison with curve (a) presented Fig. essential difference between 
writing constant energy equation (Eq. 39b) and momentum equation 
(Eq. 15) with hydrostatic pressure distribution for depth over the sill 
embodied the displacement curve (b) the left curve (a) (Fig. 20), 
and away from the experimental curve. 

Mr. Laushey also illustrates how the problem can analyzed the 
energy principle Eq. 34, and states that: the exact theoretical curves 
dozen points which checked exactly.” considering this premise, should 
realized that the head loss the jump can evaluated through the 
momentum equation (Eq. only. Consequently, assumption exactly 
the same conditions inherent Eq. and the first equality expressed 
Eq. However, the conditions implied the energy relation expressed 
the right-hand side Eq. cannot expected identical with those 
the momentum equation (Eq. 15); hence, would surprising coincidence 
the end results the two equations “checked exactly.” Actually, Eq. 
with and yields the same relation (Eq. 43) was developed from 
Mr. Viparelli’s equations, and plotted curve for Fig. 20. 


8 
7 
ale 
Experimental 
(for =5) 
h+d3 
4 2/3 or d.= d, 
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Since the difference between curve and the theoretical curve (a), presented 
the paper, not great (especially for lower values Mr. Laushey’s 
conclusion that they are identical understandable. 

alternative method relating the other variables, the momentum 
equation between sections and should considered. Any rigorous analysis 
for the pressure distribution the face the sill will involve both the depth 
and the velocity distribution this section. For the conditions assumed, the 
actual depth over the sill probably intermediate between and h), 
with the pressure below hydrostatic the top the sill where separation 
and above hydrostatic the base due stagnation effect. Eq. 
the writers attempted approximate the net effect hydrostatic pressure 
distribution for depth somewhat greater than the actual. This has 
apparently been interpreted complete disregard dynamic effects, since 
Mr. Laushey states: omission dynamic force the face the abrupt 
rise not whereas Mr. Jaeger points out that pressure dis- 
tribution the vertical sill not hydrostatic.”” These discussers evaluate the 
force the sill the sum two components—a static component based 
the water depth over the sill, and dynamic component based drag 
coefficient and the approach velocity head. the writers appears incon- 
sistent draw particular emphasis the relatively small (for Lj) 
dynamic effect while ignoring the appropriateness the depth used deter- 
mining the static component. Thus, Mr. Laushey would superimpose 
dynamic force hydrostatic force corresponding the upstream depth 
whereas Mr. Jaeger proposes similar procedure using instead the downstream 
depth. reasonable expect that the former would overestimate and 
the latter would underestimate the total pressure. illustrate this point, 
the writers have plotted two more curves Fig. for Curve (c) 
Mr. Jaeger’s equation (Eq. 28b) corresponding hydrostatic pressure due 
depth the sill. Displacement this curve the left curve 
(a) illustrates the considerable effect assuming rather than the 
effective depth the sill. the other hand, illustrate the effect adding 
dynamic force the term has been added the left side 
Eq. 15, and the corresponding modified form Eq. determined follows: 


(The drag coefficient 0.76 corresponds the pressure distribution the 
upstream face submerged flat plate—see Fig. 21.) Eq. plotted for 
curve (d) Fig. 20. Displacement this curve the right 
curve (a) embodies the effect the added dynamic force; and indicates the 
extreme right limit the range within which experimental data would ex- 
pected lie, when the velocity section (and this emphasized) 
uniform, assumed the analysis. 

Fig. reveals that differences between the various proposed solutions de- 
crease the relative tailwater depth increases; tailwater depths decrease, 
however, the the sill becomes relatively more important, that different 
assumptions lead widely differing results. 
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Weir.—The energy equation appears less adaptable for the case sharp- 
crested weir than for the abrupt rise. Thus, whereas the covergence stream- 
lines flow over the abrupt rise relatively favorable small energy losses, 


Base of sill ; 


centerline of plate 


For flat plate Cp= A, +A2~2.0 For abrupt rise Cp= A, =0.76 


Fic. 21.—Draa Coerrictents CORRESPONDING TO THE PREssURE DISTRIBUTION FOR 


flow over weir, even when submerged, characterized turbulent wake; 
the downstream depth decreased, moreover, free overfall conditions are 
approached which the energy losses are even more indeterminate. Thus, 
relating the other variables directly energy equation would 
unfeasible. 

appears, however, that Mr. Viparelli had such solution mind for the 
weir presenting Eqs. and 396 with the assertion: has advantage 
over Fig. which depends sharp-crested weir coefficients *.” has 
already been shown Fig. 20, Eq. concerned only with the solution the 
sequent depth normal hydraulic jump (as the more direct Eq. and, 
consequently, not comparable with any figure equation that defines 
sill height. Since the auxiliary Eq. 39b appears meaningless when considered 
for the case weir, Mr. Viparelli’s solution cannot considered all inclusive. 

The momentum equation, although applicable between sections and 
for the abrupt rise through employment reasonable assumptions, less 
flexible the case the weir because the wide variation the pressure 
distribution the downstream face. only slightly less than applica- 
tion the drag coefficient for flat plate may expected approximate, 
closely, the total force the sill. However, with decreasing tailwater depth, 
and the development overfall conditions, the space under the nonventilated 
nappe will filled with pocket water water and air under reduced 
pressure. The obvious difficulty formulating expression for the force 
the weir, which applicable over any great range, renders even the mo- 
mentum equation little avail this case. 

the face such shortcomings the energy and momentum equations, 
the writers resorted weir discharge equation, with the unpretentious intro- 
duction: “For want something better, empirical coefficients may applied 
order obtain first approximation.” Admittedly, application 
these coefficients has certain objections, pointed out Mr. Kolupaila; 
also corrects certain details the writers’ statements concerning these coeffi- 


: 
V. 
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cients, without, however, modifying the conditions applicability the 
complete discharge equation. Mr. Kolupaila also presents the full expression 
for 0.607 0.0148/H, which the writers shortened the approximate 
form 0.61. essential realize that, because the dimensional 
nature the second term this coefficient, its inclusion renders the discharge 
equation dimensionally nonhomogeneous, and precludes its incorporation into 
dimensionless expression such Eq. 13a. Thus, appears that, even though 
application the weir discharge formula leaves much desired, proposal 
“something still lacking. 

this regard, Mr. Laushey suggests that the weir analysis may unneces- 
sary. One analysis should suffice for both the abrupt rise with tailwater depth 
below critical and for the unsubmerged weir, since, under these conditions— 


“The same barrier height should cause approximately the same velocity 
distribution and force the rise, irrespective what happens immediately 
after the 


The writers agree with this latter statement, but would point out that the con- 
clusion has been reached through comparison the results the two inde- 
pendent studies, and probably would not have been realized the absence 
analysis for the weir. 

Any simplification Eq. 13a Mr. Woodward and Miss 
Yates are commended for developing the compact from They 
state that for given value solution the corresponding seventh power 
equation for successive approximation. Fortunately for the writers, 
who used 10-in. slide rules, once the trend the rather flat curve has been 
established, time need consumed the six superfluous roots. The 
need has been expressed for some description the mathematical treatment 
order engender more confidence the corresponding curves. the prepa- 
ration the paper the writers assumed that the degree confidence placed 
the curves the practicing engineer would governed primarily, not his 
understanding the mathematical processes employed, but rather his 
judgment the validity the basic assumptions. was for this reason 
that descriptions the mathematical treatment were reduced minimum. 

view the objections the sharp-crested weir coefficients ana- 
lytical treatment, and the relative structural instability such sill 
practice, would appear desirable investigate broad-crested weir. For 
such sill has been 


lower than the water surface the down-stream end the weir without 


changing appreciably the relation between head-water elevation and dis- 


This upper tailwater limit defined 2/3 h/2), which 
condition will obtain practically all cases which sufficiently low 
require the use Fortunately, comparatively simple relation approxi- 


Broad-Crested James Woodburn, Transactions, ASCE, Vol. 96, 1932, 387. 


Ed4., 1939, p. 163. 


As 
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mating the discharge over broad-crested weir has been With 
the nomenclature Fig. 1(b), this may written 


Incorporating Eq. into the continuity equation, and combining with the 
equation (Eq. yields the dimensionless relationship: 


1 
relationship which plotted curve Fig. Evidence which the 


(6) Theoretical curve for abrupt rise (a) Theoretical equation 46 
with for broad crested weir 


‘© Experimental data abrupt nse 
with d, =d, for a5 


Values of F 


ForMATION OF THE Hypravutic JuMP 


reliability this curve for the broad-crested weir may judged should now 
brought forward. this regard may observed that with 
discharge over the abrupt rise similarly independent tailwater, that the 
same performance from either type sill might expected. Substantiating 
this hypothesis the close agreement with the theoretical curve (6)— 


2 
1 1 


—for the abrupt rise for (from Fig. well with the plotted points 


for the corresponding experimental data (shown thus Mr. 
3 


Theory Applied the Broad-Crested Doeringsfeld and 
Barker, Transactions, ASCE, Vol. 106, 1941, 934. 


gay 
Legend: 
(47) 
ai 
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Laushey Fig. 17). Despite the lack further experimental data, may 
surmised that curve (a), Fig. 22, may used guide proportioning 
such sills whenever the tailwater depth proves less than 2/3 h/2). 
Advantages broad-crested sill would its greater structural stability 
compared the sharp-crested weir, and its probable lower cost compared the 
excavation necessary for the abrupt rise. 

Experimental Results—Comparison the theoretical and experimental 
curves indicates what extent the results the combination conditions 
assumed agree with those realized the laboratory runs; does not, however, 
assess the validity each the individual assumptions. Thus, the dis- 
crepancy between the experimental and theoretical curves Figs. and 
may attributed one more factors, and explained different ways 
assigning more less reasonable values those factors judged relevant. 
this respect, the combined data and ideas contributed the discussions may 
lead reliable explanation the discrepancies. 

Abrupt sections and general form the momentum 
equation may written 


-—F,-y 2 = pq(a’; V3 — a’: (48) 


which the evaluation two items conjectural—first, the momentum cor- 
rection coefficients a’; and and, second, the force the sill. what 
respects did the experimental conditions differ from the assumptions made re- 
garding these two items? 

Regarding the a’-coefficients, laboratory investigations have justified the 
assumption uniform velocity distribution before and after 
the normal hydraulic jump. The shooting flow section unaffected 
introducing the sill, whereas location section downstream from the sill 
surely guarantees velocity distribution quite uniform that after normal 
jump. Consequently, the writers believe that measurements velocity 
distribution sections and would account for little the discrepancy 
shown Fig. (or Fig. this respect Mr. Jaeger states: writer 
has found that a’, and a’; are always very nearly equal The basis 
Mr. Laushey’s conclusion that greater than 1.33 exist (corresponding 
the velocity distribution for laminar flow) must questioned. 

Regarding the second item, uniform distribution velocity section 
which basis was evaluated, can scarcely expected for the particular 
mental runs. the contrary, data for the weir indicate that the velocity dis- 


tribution continues grow more nearly uniform for -values increasing from 
2 


10. Thus, experimental values considerably exceeding unity are 
probable; and, Mr. Weaver has pointed out, corresponding reduction 
below that computed from required satisfy the momentum 
relation. Mr. Laushey has inquired whether measurements were made 
determine the actual depth before the rise agreed with the computed 
Unfortunately, such data were recorded only for the weir, but 
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regarding this question certain conclusions may drawn from Fig. Mr. 
Laushey’s careful analysis the experimental data has illustrated that, the 
0.40 occurs the sill (Eq. and Fig. the photographs 
such drop water surface evident; the contrary, case (c), Fig. the 
water surface appears rising the sill. re-arranging Mr. Laushey’s 
express this drop terms velocity heads and head loss the 


—it may seen that logical explanation for this reduction lies in- 
creased values and V2, and the corresponding reduction Ac- 
cordingly may surmised from the photographs that the experimental 
runs the velocity distribution had not yet attained uniformity before the 
section the sill. 

the toe the jump moves toward the sill, this nonuniformity velocity 
distribution becomes more pronounced, while the force increases correspond- 
ingly result the increasing dynamic effect the only partly diffused jet. 
was this effect the writers had mind stating— 


may shown analytically that, the ratio increases (cor- 


responding velocity distribution approaching uniformity the section 
the abrupt rise), the experimental curves shift the left toward the 
theoretical curves.’ 


The foregoing elaboration was considered desirable view the misinterpreta- 
tion (perhaps quite justified) this statement which was evident from Mr. 
Laushey’s assertion that nonuniform velocity distribution will not ex- 
plain all the discrepancy.” this connection also, Mr. Jaeger states: 
One does not need know the value profile (2), Fig. 
though need not appear the momentum equation (such Eq. 48), 
actually this very coefficient which the values and the correspond- 
position the curves (for depend. 

Mr. Laushey’s attempt affix approximate numerical values the coeffi- 
cients for velocity distribution, drag, and head loss interesting. Thus, 
writing Eq. between sections and and making certain assumptions, 
computes values from the experimental data. The average computed 
value a’; then introduced into Eq. 36, which shown agree with the 
experimental curves Fig. 16. 

The writers appreciate the enterprise this approach, but cannot state 
that any evidence regarding the correctness the computed has 
been presented. Showing the agreement between the computed and the ex- 
perimental data Fig. analogous testing the reliability general 
equation applying only the data from which was derived. Values 
computed from Eq. are more reliable than the assumptions which 
the computations are based. These assumptions may questioned least 
two respects: First, Eq. 36, the value assumed unity, with 
indicated Eq. for the completed jump. just pointed out, however, 
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there strong indication that exceeds and that the corresponding depth 
section less than the assumed normal value. Secondly, selection the 
value 2.0 for the basis the drag coefficient for flat plate does not 
seem justified except for the case the baffle. shown Fig. (which 
based curve suggested Hunter ASCE), the dynamic force 
such plate approximately 2.0 but elimination the low pressure 
area the downstream this about 0.76 for the face 
the abrupt rise. Depending the unknown magnitude the dynamic 
force the rise may actually exceed 2.0 however, with defined 
through Eq. The writers’ only intention question the computed 


undependable. 
appears that all discussion has only confirmed the original premise— 


3 


the theoretical has offered conjectural evaluations 
the factors responsible for the observed discrepancies. the absence ex- 
perimental data for higher relative values Mr. Laushey’s suggestion that 
estimate based the data for the weir Fig. (or better, Fig. 17) 
should considered. Thus, for the assumed equality performance the 
unsubmerged weir and the abrupt rise with Fig. indicates that in- 


creasing from would shift the lower end the 
1 


curve Fig. the left from 7.6 7.0, and into almost exact 

agreement with the theoretical curve. However, only experimental data 

and 33a, Mr. Laushey has presented simple relations which fit 
the observed data closely, within the experimental range. Use such relations 
compared the graphs themselves would appear matter personal 
preference, 

Weir.—Results the tests the Carnegie Institute Technology, 
Pittsburgh, Pa., reported Mr. Weaver, are this study. The 
force the sill (and presumably the velocity the bottom currents) appeared 
reach minimum the end the roller, rather than decreasing continuously 
from the toe the jump the constant value downstream might ex- 
pected. The point where this force reaches its constant value what the 
writers considered the end the jump their text; apparently this study 
the end the roller has been termed the end the jump. 

Jump profiles measured the Iowa tests, with low tailwater, seem hardly 
comparable with those the Carnegie tests with high Thus the 
writers found that with the toe the jump well forward, the 
water depth occurred upstream from the weir with values ranging from 95% 
99% the computed For smaller relative however, 
the maximum water-surface elevation occurred at, downstream from, the 


covering range -values can determine this effect reliably. 


Mechanics Fluids,” Hunter Rouse, John Wiley Sons, Inc., New York, Y., 
1946, p. 238, Fig. 121. 
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weir (see Fig. 4); under these conditions the entrained air and the upward deflec- 
tion the only partly diffused jet caused greater depths than for the complete 
jump. Obviously, the high tailwater the Carnegie tests would modify this 
flow pattern. Mr. Weaver points out that reduced value the theoret- 


ical equation lowers the toward the experimental curves 
Fig. 

Mr. Weaver states attempt was made maintain the downstream 
depth and the tailwater the jump the same level *.” the writers, 
such attempt would appear futile, since any net force exerted the 
would indicate decrease pressure plus momentum, normally associated with 
decrease depth across the weir. If, indicated Fig. 19, the depth 
were measured downstream from the weir, this necessary drop water surface 
would produce the results observed—that is, decrease with increase 
sill height—regardless the presence jump upstream. 

Mr. Viparelli correctly points out that the highest required weir does not 
necessarily occur under conditions maximum discharge. The writers should 
have imposed the same conditions for the weir for the abrupt rise—that the 
largest required value within the expected range discharge used. 


Other Flow Conditions.— 


Negative Sills—Mr. Hsu’s contribution was most welcome since his in- 
vestigation the negative sill has nearly doubled the scope the paper. 

The abrupt rise zone flow deflection, the force the sill varying 
with the relative position the jump, which reflected shift the position 


the constant The negative sill, the other hand, zone 


separation; but would appear that, long the sill lies between the toe and 
the end the jump, similar variation with jump position would occur; 
corresponding shift the upper branches the constant Fig. 
would expected. Once the toe the jump passes the sill however, 
independent the jump position, that, excepting effects boundary re- 
sistance, corresponding shift the lower branches these curves should 

Flow Without Jump considering other 
ditions well reiterate that Fig. the region lying above the line 
positive negative previously explained, when the downstream 
channel steep then, jump formation desired, the sill height may 
this area Fig. properly represent conditions under which jump forms 
and, strict sense, not lie within the scope the original 

However, appears desirable make brief review the cases introduced 
Mr. Jaeger who cover all situations two equations: (1) 


oil 
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For the positive sill (assuming the sill pressure governed downstream depth), 
Eq. which forms the basis the curves Fig. 11; and (2) for the negative 
sill (assuming sill pressure determined the upstream depth), Eq. 25, which 
the curves Fig. correspond. 

The writers propose that all possible cases for both positive and negative 
sills represented one diagram, the significance region being 
defined terms the critical depth indicated Fig. 23. the seven 
regions indicated, three are for positive and three for negative sills, whereas, 
the seventh, the theoretical curves overlap but are without practical 
significance. these regions will considered briefly, with some com- 
ment the appropriateness the corresponding curves Figs. and 12. 

Region represents tranquil flow over positive sill such occurs between 
sections and the writers’ investigation. Corresponding the left 
boundary line are static conditions with level water surface over the 
sill. The upper limit defined the straight line corresponding 
Marking the right boundary the line for which indicates 
the minimum value for equilibrium conditions. 

Curves shown Fig. have equation the same form Eq. for 
the negative sill with sill pressure governed upstream depth: 


(For this case, Eq. assuming sill pressure governed downstream depth, 
has been shown Fig. inapplicable; consequently, the corresponding 
the lower left Fig. appear unreliable. Two other aspects 
these must questioned. First, their maximum (or 


branch) into the region (region VII Fig. 23) which condition 
demands increase energy the sill, and imaginary case.) 

Region represents tranquil flow over negative sill. Here the left 
boundary line represents static conditions with level water surface. 
Defining the lower limit the straight line corresponding 
The right boundary, marks only the transition from tranquil 
shooting flow with incipient jump formation. 

Judging Mr. Hsu’s investigation, Eq. applicable this case, and 
the curves Fig. are plotted accordingly. The corresponding d’-curves 
Fig. are equivalent Eq. and the lower set dotted lines Fig. which 
were discarded after the experimental investigation. 

Region with jump formation negative sill, the case investigated 
Mr. Hsu. accordance with his analysis, may divided into three 
areas, each representing particular flow pattern. area Eq. 
applies, the curves being continuous with those region II, whereas the 
succeeding range conditions are Eq. 25. Thus the d’-curves 
Fig. apply only the narrow range and are equivalent the dashed 
lines Fig. 
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Region represents jump formation positive sill investigated 
the writers. The curves shown Fig. correspond Eq. 17, with the sill 
pressure governed the sequent the line for defining 
the boundary between regions and has particular significance. region 
marks the minimum possible tailwater depth for tranquil over 
positive sill level channel; whereas region marks the maximum tail- 
water depth compatible with shooting flow over sill without formation 
jump. shown Fig. 20, the significance this limit also confirmed 
the energy principle (curve (b)). 

The corresponding curves proposed Mr. Jaeger Fig. not pass 
through minimum value this limit, but rather one determined from 
Eq. 


This plotted Fig. show its relation the corresponding curve (c). 
particular practical significance can ascribed this limit, dependent 
assumptions that are not descriptive actual conditions. 

this point should noted that regions are characterized 
above-critical tailwater depths, the flow pattern upstream from the sill being 
affected backwater. Regions VII, the other hand; correspond 
tailwater depths below critical with the upstream flow pattern independent 
conditions beyond the sill. 

Region corresponds supercritical over positive sill with 
resultant increase depth. Such flow characterized swell standing 
wave over the crest which point the distribution velocity and pressure 
will function and (It should noted that momentum 
equation with the sill pressure expressed these parameters will give 


constant which pass through minimum F-value for 
1 


this case, however, the sill pressure can estimated only with very rough 
approximation. 

Koch and published data from one experimental run 
with flow shooting over abrupt rise, and showed that measured pressures 
and velocities satisfied the momentum equation written between upstream and 
downstream sections. Unfortunately data from this isolated case not 
far toward general solution.. The recorded test data would satisfy Eq. 
the value the drag coefficient Eq. (with 
assumed equal zero) would give approximate results this particular case. 
Hence, even though the (which gives minimum 
F-value for lower than this equation not tenable, the cor- 
responding curves, tantamount the left branch the c’-curves Fig. 11, 
are employed Fig. indicate the general trend this region. 

Region VII corresponds tranquil flow falling over drop the channel. 
Since the crest control where the depth passes through the critical value, 
all conditions represented region VII resolve themselves into the single case 
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Such flow conditions for ventilated crest have been investigated from the 
point view energy loss the base free Walter Moore 
Assoc. ASCE. contributed this paper Boris Bakhmeteff, 
Hon. ASCE, and Feodoroff, Assoc. ASCE, connection with the 
nonventilated nappe reveal two regimes: (1) For relatively low falls 
less than approximately 2.5), the space under the nappe completely filled 
with water; and (2) for relatively greater falls, the nappe depressed, and 
the space between the nappe and the standing water filled with air (released 
from entrainment) subatmospheric pressure. 

For the underfilled nappe 2.5) Eq. (to which the d’’-curves 
Fig. correspond), assuming sill pressure governed upstream depth, would 
appear suitable. However, check with the experimental data has shown 
even less applicable than the assumption zero energy loss. (As ex- 
plained previously, the lower branches these d’’-curves Fig. have 
practical significance. Superfluous also the extension the curve for the 
normal hydraulic jump into this region, since except for regions III and IV, 
the case h/d, defined the line 1.) Hence, for this case 
appears feasible only express the empirical relation determined from the 
experimental data: 


which the circled points Fig. for correspond. 
For the depressed nappe 2.5) the unknown reduced pressure and 
depth standing water under the nappe make analytical approach even 


more unfeasible. Results the with great about 


lead the empirical relation; 


representing supercritical flow shooting over the drop has not, 
far the writers know, been investigated systematically. Eq. (to 
which the d’’-curves Fig. correspond) appears even less applicable this 
case than for tranquil flow upstream, whereas the equation based energy 
loss— 


194 Loss the Base Free erfall,” Walter Moore, Transactions, ASCE, Vol. 108, 
P. 


1364. 
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warranted approximation only for relatively low drops (say, 
simplifying assumptions shows surprisingly good agreement with experimental 


data ventilated nappes for the case tranquil flow upstream 


great Extension this analysis for ventilated nappes the case 


shooting flow yields the relation: 


1 1 h Fe 1 1 ‘ 


the absence more reliable analysis, and order indicate the trend 
the curves Fig. 23, Eq. plotted for and Eq. 55, for 

For conditions represented regions VII, there would appear ad- 
vantages plotting results terms different variable—say, which 
when 

Summary.—Two general related ideas emerge from the foregoing review: 
First, appears impossible encompass any specific equation the several 
flow regimes defined terms the critical depth Fig. 23. For instance, 
Eq. for the positive sill (which expresses sill pressure terms tailwater 
depth and the velocity head the approaching supercritical flow) appears 
generally conditions region however, fails represent 
conditions region where the flow pattern completely altered the 
formation the jump. any rigorous analysis, must considered drag 
coefficient applied the approach velocity head—not lump correction 
factor absorb the shortcomings the equation. the form the 
equation, not the nature the coefficient, that must modified conform 
changing flow conditions. 

Secondly, analytical equation checked experiment within certain 
range variables cannot reliably extended even within the same region 
(as defined terms the critical depth Fig. 23). this fact 
are the three ranges revealed Mr. Hsu’s investigation region III, well 
the different regimes region VII. Similar variations flow 
pattern all probability exist regions and VI. 

The writers hope that this review will direct attention not only fruitful 
fields for further research, but also the dangers assuming unique solution 
more comprehensive scope than experimental investigation may reveal. 


Transactions, ASCE, Vol. 108, 1943, 1361. 
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procedure for finding the frequencies and modes such three-dimensional 
structures the floors boilerhouses utilizing the solutions the two- 
dimensional vibration problems all the beams which the system built 
developed this paper. The method explained for the case floor 
systems; but the formulas apply also any other type structure as, for 
example, multiple-story building frames airplanes. The method can 
used with advantage for the frequency analysis any complicated structure, 
and consists resolving the system into two simpler systems, the frequencies 
and modes which are easier determine. necessary, this simplifying 
process can used repeatedly. The principle theoretically exact but leads 
the use infinite series; for practical purposes excellent approximations are 
obtained using only the first few terms these series. reader who wishes 
apply the method should have some knowledge the theory oscillations 
and, particular, the fundamental notion and their 
properties. 

The paper presented four sections including numerical example 
(Section 4). Section deals with the theory and its application statically 
determinate systems. Section contains extension the theory include 
statically indeterminate systems. Section collection methods and 
formulas for reference determining frequencies and modes simple systems. 
Although some these formulas are known, many them are new. The 
purpose Section serve guide for the arrangement practical com- 
For this reason the simplest system which all the steps the 
method can demonstrated was chosen, thus enabling the writer discuss 
every detail fully. The method was devised (and has been applied successfully) 


October, 1949, Proceedings. Positions and titles given are those effect when 
the paper discussion was received for publication. 
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find the frequencies much more complicated systems than the one shown 
Section 


Notation.—The letter symbols, adopted for use this paper and 
discussions, conform essentially with the American Standard Letter Symbols 
for Structural Analysis, prepared Committee the American Standards 
Association with ASCE participation. important exception that the 
symbols and this paper are used for masses and not for bending mo- 
ments. The latter are designated and Symbols are defined where 
they first appear, the text illustration. The most significant sym- 
bols are: 


with Wi; 
number; 
number; 
number; panel, section point number beam; 
moment corresponding externally applied load; 
value for unit load; 
concentrated masses; dynamic reactions; 
distributed masses; 
defleetion: 

unit weight, pounds per foot; also elastic weights; 

redundant moments; 

substitution constant Eqs. and 41; 

determinant; 

amplitudes for systems and respectively; 
circular frequency: 
and frequencies for systems and respectively; 


APPLIED STATICALLY DETERMINATE STRUCTURES 


Fundamental Facts Concerning any mechanical system 
state free the only forces acting the system are the internal 
elastic forces and the inertia forces. such system consists the masses 
and the displacements are y(t), the inertia forces are 


in 
ql 

q' 
a 
c 
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which the circular frequency and the time, seconds. The fre- 
quency, cycles per minute, 


The displacements y(t) are functions the time and can expressed 


which the amplitudes are independent the time. 

mechanical system can oscillate freely only with certain distinct fre- 
quencies w;. The amplitudes corresponding each these frequencies are 
called the principal oscillations. can shown that the amplitudes and 


corresponding two different frequencies and are 
that is, 


Eq. integrated over all the masses the system. The amplitudes can 
multiplied arbitrary factor because the product still represents 


amplitudes possible state principal oscillation. this factor 
chosen that 


the symbol called the mode” corresponding and 
Eq. expression for the “normalizing Different normal 
modes? and are orthogonal; that is, 


Systems with axis symmetry have two types normal modes—(1) 
symmetrical modes for which has the same value symmetrically situated 
points and (2) asymmetrical modes for which the value symmetrical 
points equal but opposite sign. usually found advantageous 
consider and determine symmetrical and asymmetrical modes separately. 

Two important properties the normal modes are: 


(a) any mechanical system subjected the inertia forces 
static load, the resulting deflections are just the normal mode and 
(b) The deflections any mechanical system loaded with several arbi- 


trary external forces can expressed expansion all the normal 
modes the 


***Mechanical Vibrations,” by J. P. Den Hartog, McGraw-Hill Book Co., Inc., New York, N. Y., 
2d Ed., 1940, pp. 192-196. 
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—provided that the forces act only points where masses the me- 
chanical system occur. The values the coefficients are 


For approximate computations possible consider only few terms 
Eq. corresponding the lowest frequencies the system. 


All the integrals dm, etc., have been written this form include 


distributed masses and concentrated masses For numerical computa- 
tions such integrals must converted into integral over the distributed 
masses plus sum over all the concentrated masses; that is, 


Complementary Systems.—The following theoretical treatment involves two 
new concepts: The first the concept “complementary systems,” which 
explained this subsection; and the other the concept reactions” 
which will discussed the next subsection. 

Floor systems usually consist number secondary beams supported 
main floor girders which rest either external supports like columns and 
walls or, complicated cases, other beams. Restricting the subject 
statically determinate arrangements, required show how the complicated 
problem finding the oscillations floor system can solved the fre- 
quencies and the normal modes simpler system, having one main girder 
less, are known. the simpler system still too complex for direct solution, 
can reduced further until, the end, system derived which consists 
only ordinary beams, the frequencies and normal modes which can 
found number well known methods. 

One main girder selected which, while carrying other girders the system, 
rests turn external supports. Fig. for example, girder should 
selected. The girders normal would not suitable because one end 
each these girders rests girder 

simpler system obtained assuming the rectangular moment inertia 
girder Thus, this girder does not deflect and all girders 
supported can considered resting fixed supports. This new system 
(simplified system B), therefore, has one girder less than the original system. 
has normal modes and frequencies which, temporarily, are assumed 
known. 

Apart from system system formed which identical with the 
original system far dimensions and mass distribution are concerned. The 
other girders, however, the moment System has certain 
natural frequencies and normal modes 


pro 


ws 
pl: 
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important property the two artificial systems and can now 
proved: 


Theorem I.—The deflection any point the original system, re- 
sulting from arbitrary external load, equal the sum the, 
deflections the two systems caused the same load. 


the moments corresponding the external load are called and the 
moments due unit load, acting the point where the deflection contem- 


Fie. 1 


plated, are called then the deflection the original system consisting the 


which the three integrals are taken over girders and respectively. 
Similar equations can written down for systems and For system 


Because this relation systems and are named systems.”’ 
the case symmetrical systems necessary modify the procedure 
slightly; otherwise the advantage the symmetry would lost. case 
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system will have moments inertia and J’, their original values, and 
all the other beams the value will The important relation 
expressed Eq. remains true. the complementary systems are chosen 
this way, the two systems and 
remain symmetrical and their normal 
modes can separated into symmetri- 
cal and asymmetrical ones, which 
considerable advantage. 

Dynamic Reactions.—Except for 
symmetrical structures, system con- 
sists only one flexible girder which 
supports the masses the original sys- 
tem further girders that are as- 
sumed rigid. Fig. shows the simplest 
case possible, which the flexible girder 
supports one rigid girder Theam- 
plitudes the norma] mode are indicated this diagram. the amplitude 
the normal mode point all the amplitudes along girder can 
expressed the form: 


Fre. 3 


Assuming the system loaded with its inertia forces dm, the reaction 


system contained concentrated mass point the inertia force 
exerted this mass would 


R, = ga(1) M, 


From comparison the two values Eqs. 12, girder found 
cause the same inertia force concentrated mass: 


Under the heading, Facts Concerning Oscillations” (Section 
1), has been stated that, when any mechanical system loaded with the 
inertia forces w*; corresponding normal mode the deflection the 
system equal the normal mode ¢;. Therefore, the inertia force exerted 
the fictional mass equal the inertia force exerted the masses 
girder obvious that the mechanical system must have the same 
normal modes and frequencies system consisting only girder this 
girder carries the additional mass assumed concentrated For 
symbolic purposes the mass termed the girder 


r 

‘ 
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The value the dynamic reaction different from the value obtained 
the law static reactions; the latter, expressed form similar Eq. 13, 
would have been 


For uniformly distributed mass the dynamic reaction becomes 


other more complex cases the procedure similar. The system loaded 
with its inertia forces and the reactions the rigid girders girder are 
replaced the inertia forces fictional masses reactions.” The 
use this concept enables the designer reduce system one single girder, 
the natural frequencies and normal modes which can found the usual 
methods. 

certain complicated cases the dynamic reactions become functions 
the amplitudes other points the girder. example this condition 
shown Fig. system for this structure the members will have mo- 


Fia. 


the center, girders and carry distributed masses and re- 
spectively. 

The amplitudes girder points and are and the dynamic 
reactions due the masses girders and are found, before, 
and The amplitude point due the deflection 


obtain the dynamic reactions, these values must divided and 


respectively. The result gives total dynamic reactions points and 
equal 
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This result not simple before, because and now depend the 
ratio the amplitudes points These dynamic reactions 
can used without difficulty, however, find the normal modes, applying any 
the methods described subsequently Section 

For symmetrical structures system may consist two flexible girders, 
but dynamic reactions can found similar manner symmetrical and 
asymmetrical modes are treated separately. For example, obtain the nor- 
mal modes the system shown Fig. consider first the symmetrical modes 
only. The amplitudes both girders and a’, Fig. must alike—that 
The amplitudes for all points girder therefore, are 
the reactions become 


This reaction identical with the inertia force mass assumed acting 


M, 


Eqs. are the expressions for the dynamic reactions for symmetrical modes 
which, this case, could derived from the law static reactions. For 
asymmetrical modes, and the amplitudes girder are 


2 


and the dynamic reactions for asymmetrical modes become 


Eq. different from the results for symmetrical modes (Eq. 


equally distributed, Eq. yields whereas Eq. yields 


using the concept dynamic reactions any system can reduced 
one-beam system, the normal modes which can found. 

The Normal Modes the Original System.—Thus far, the paper has shown 
how system girders can separated into two idealized systems and 
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called “complementary systems.” remains demonstrate that the fre- 
quencies and normal modes the original system can built from those 
systems Aand The deflections the original system due any external 
load are given Eq. 10. Furthermore, the deflections any mechanical 
system can expressed terms its normal modes Eq. Applying this 
equation each the two systems and 


Eq. 18, substituted Eq. 10, yields 


Eq. defines the deflections the original system due arbitrary 
external load. The coefficients can determined from Eq. thus, 


Any normal mode the original system can considered the deflection 
the system due the inertia forces Applying Eqs. and 
this loading, Eq. yields 


The amplitude now introduced from Eq: except that, avoid confusion, 
subscript substituted for the summations: 


CiA 


W°iA 


and 


can written the form: 


and 


2 


+ 
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The orthogonality relations (Eqs. and 4c) supply the following equations: 


For simplicity, substitute 


and the equations for the coefficients (Eqs. 24) become simply 


w? 


k 


the coefficients can expressed: 


There are many such equations there are coefficients Written 


Eqs. comprise system linear and homogeneous equations for the 
coefficients Such equations are capable solutions other than 
only the determinant their coefficients vanishes; the condition 
therefore the frequency equation. 


and 
and 
w?* 
and, substitution Eq. 276, 
WwW 
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obtain Eqs. 28, was necessary divide Eq. 27b 
This procedure only permissible that factor does not vanish; other words, 
not reliable far possible roots are concerned. investigation 
shows that will frequency all the values vanish, but this 
trivial and importance. The only other possibility that may 
become frequency the original system when multiple frequency 
must investigated. 

except and and provided that 


Bik CeB + By (k+1) C(k+1),B = (30) 


The number equations similar Eq. equal the number functions 
used. there more than one mode Eq. has solutions 


which the necessary condition for being frequency the system. 
only one mode used, Eq. automatically satisfied, and then every 
double root creates root the original system. This root not given 
Eq. and can only deduced referring Eqs. 27. 

The question multiple frequencies requires attention practical cases 
because similar girders, similar groups girders, are sometimes used re- 
peatedly structure; and this fact leads multiple frequencies system 

The Frequency Equation for Special general, there will 
many Eqs. for the coefficients there are normal modes ex- 
plained the next two paragraphs, the number these modes considered 
only one two. 

System equivalent girder carrying certain distribution mass. 
there are concentrated masses such system has different normal modes. 
addition, part the mass distributed, the number normal modes 
becomes infinite. All these normal modes can arranged order their 
will found that considerably higher than and much higher 
than etc. For equally distributed load alone the sequence fre- 

there were many coefficients, the computation would become cumber- 
some and impracticable. Luckily, however, the expansions Eq. 21, show 
marked convergence and the first few terms give excellent approximations. 


The values the coefficients decrease quickly due the factors 

Eq. equally distributed mass these factors decrease the ratio 

and the third one practically negligible. 
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rule presented subsequently under the heading, “Practical Computations, 
Number Modes and (Section can used decide how many 
modes and should considered obtain reliable results. normal 
cases this rule requires the use only one two modes addition 


number modes only one mode considered, the frequency 
equation, becomes simply 


Eq. used compute the amplitudes the normal mode corresponding 
any one the roots this equation; thus, 


using and 26, the normalizing condition can transformed; thus, 


Making further use Eq. 27a the final form the normalizing condition 


Eqs. and are sufficient determine all the values and 

addition the roots Eq. 32, any multiple frequency 
system frequency the original system, wig. obtain the 
amplitudes the mode corresponding such frequency, Eqs. must 
used, demonstrated subsequently Section 

Eqs. enable the designer compute the modes and frequencies 
system the modes and frequencies the simplified systems and are 
known. System can always reduced simple beam, the modes which 
found various methods. For system that consists number 
ordinary beams the modes and frequencies are the total the modes 
and frequencies the separate parts the system. one these beams has 
certain frequency and mode system whole has the same fre- 
quency The amplitudes for the corresponding mode for any point 
within the beam question are whereas for any other point 

system not such simple nature but contains beams supporting 
one another, preliminary computation the modes must made applying 
the method this paper system Through repeated application this 
method, one will reach stage which system becomes number simple 
beams the modes which can found. 
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Discussion the Frequency Equation.—The frequency equation (Eq. 32) can 
represented graphically very simple and instructive manner. The 
abscissas Fig. are the frequencies and the ordinates are the values the 
left-hand side Eq. 32. For all terms the sum vanish; ap- 
proaches any one the values one term becomes The full curves 
Fig. represent the left side Eq. 32, and the vertical dotted lines are 
asymptotes these curves. 

The dotted curves marked and Fig. indicate the value the 

begins with infinite value for vanishes for and then steadily 

The natural frequencies the system are represented the intersection 
points the full and the dotted curves. Fig. shows that there always 
one frequency that lower than any frequency systems and and there 
one frequency between each the consecutive frequencies wiz, 


right side Eq. for three different values The quantity 


Fia. 6 Fre. 7 


there are frequencies, wiz, the total number frequencies will 
This total number can include trivial root however, which happens 
the special case which the complete system contains only masses which 
already form part system 

Fig. shows example this condition. System girder loaded 
with two masses. Such system has two frequencies and System 
girder loaded with the dynamic reaction girder and has one fre- 
quency Therefore, the original system should have two plus one, 
three, frequencies. The system contains two masses only, however; and has 
two degrees freedom because vertical displacements only are counted. 
For mechanical reasons such system has two natural frequencies, and more. 
The frequency formula (Eq. 32) for this case, therefore, must give two proper 
roots. The third root must trivial root without physical meaning. 

The far only systems beams supported one another 
have been considered. The last element floor, however, the flooring, 
which may the open steel type, checker plating, reinforced concrete slabs, 
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and necessary show how introduce the flooring into the computations. 
Because the small span between the secondary beams, the flooring not 
appreciably from beam beam, but must move with the supporting 
beams and its mass may considerable part the total mass the 

first approximation the designer could concentrate the mass the 
flooring the supporting secondary beams; however, decide this simplifica- 
tion justified, necessary make more precise computation. the 
flooring not continuous over its supporting beams, can considered 
number narrow beams spanning the secondary girders. This assumption 
reduces the system type structure that has already been treated. 
nearly all cases will found that the beams that replace the flooring are 
relatively rigid and have high natural frequencies. justifiable, therefore, 

Without presenting details, the result computations, using finite difference 
equations, for structure consisting equal secondary beams T,, Ts, 
with equal spacing and loading, follows: The values the fre- 
quencies are 


which the mass the beams per unit length; the mass the 
flooring per unit area; the span; the moment inertia; and the 


spacing the beams. The quantity cos 


vary only between 
and and, therefore, all the frequencies must lie between the limits: 


compare Eq. with the frequency obtained the mass the flooring 
Eq. 36; thus, 


The approximate value derived from equal the lower limit for 
little difference between the fundamental frequency derived from Eq. 
and the approximate value derived from Eq. 38. 

Therefore, the concentration the mass the flooring the beams 
good approximation for the fundamental frequency there are more than two 
secondary beams. there are two secondary beams, still justifiable 
small compared with but, higher frequencies are required, more 
exact computation must used. This conclusion remains true the secondary 
beams carry unequal masses are otherwise different. 
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the secondary beams are supported other beams forming part 
more complicated structure, the approximation can still used long the 
frequencies which are ultimately determined remain below the lowest frequency 
any the secondary beams alone. the other hand, reliable fre- 
quencies higher than the lowest frequency are required, more exact computa- 
tion would have made. This condition should not occur practical 
cases, however, because would imply that the structure has considerable 
resonant frequencies within the range the running frequency which 
would make the structure unsuitable for its purpose. The difference between 
the approximate and the more exact solution shown subsequently Section 
for special case. 

Practical Computations.— 


Mass Distribution.—To obtain correct results the utmost importance 
that the mass distribution used for the computation shall represent the actual 
distribution under working conditions. would quite erroneous include 
the mass the accidental live load, specified for the design, the customary 
manner. most cases only the permanent load needs considered; but, 
considerable live loads, such those water tanks coal bunkers, can 
occur the same time dynamic forces generated machines operation, 
becomes necessary investigate two cases—the structure with live load 
and the structure without live load. 

Another consideration the matter accounting for the mass machines. 
machine can usually regarded rigid body supported the structure 
three more points. Structural engineers are likely assume that the 
total mass such machine distributes itself over the points support 
the same ratio the static reactions. This assumption rarely justified. 
correct procedure for replacing machine its “dynamic the 
points support treated Section 

Number Modes and stated, not necessary use all the 
frequencies and normal modes the complementary systems and but 
the higher modes can neglected. The decision which modes should 
retained depends the value the frequencies investigated. 
sure that certain frequency found these computations, reasonably 
exact, all the frequencies should used. quite obvious, 
furthermore, that least one mode each system must considered. 
system consists number separate girders, one mode each these 
should retained. 

check the suitability structure for certain frequency only the 
resonant frequencies about are required. Then, the limit for the 
this rule requires the use only one mode system and only one mode 
each the girders forming system 

Factor Safety Against Resonance.—After finding the natural frequencies 
system they must compared with the frequency the machines carried. 
the machines run variable speed, entire range frequencies must 
regarded dangerous. obtain the smallest possible vibratory deflections 
and avoid resonance during the starting the machines, the running fre- 
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quency should sufficiently lower (40% being safe margin) than the funda- 
mental frequency the structure. 

this condition cannot reasonably fulfilled, either because the running 
speed high because the span the structure large, the system will 
prove satisfactory the running speed kept clear the nearest resonant 
frequencies. essential, however, that few frequencies possible 
below the running speed. 

Concrete and Reinforced the structure concrete steel 
beams incased concrete are used, uncertainty introduced because the 
value for concrete varies considerably. The only safe procedure 
determine the frequencies for limiting values and regard the entire 
range between these frequencies dangerous. When fixing these limits, 
should kept mind that vibrations structures must restricted small 
amplitudes and, therefore, low vibratory stresses. The value for 
such low stresses likely higher than the values used for stress 
computations. 

Subsequent Alteration the frequencies system are 
found unsatisfactory, the moments inertia some the members are 
altered and the determination the frequencies repeated. not neces- 
sary repeat the entire computation the following property the modes 
used: 


Theorem II.—If all the moments inertia, the beams system 
are changed and the ratio the same for all beams and the mass 
distribution remains the same, the frequencies the original 
system are changed The numerical values the 
amplitudes the normal modes corresponding these fre- 
quencies remain entirely unaffected such change. 


Theorem may applied any system. can useful changes are 
made the moments inertia which affect only the beams one the 
complementary systems. the terms this theorem the modes this 
complementary system can used again, and only the frequencies remain 
adjusted. 

Systems That Include Statically Indeterminate Beams.—At the beginning 
Section the discussion was restricted statically determinate arrangements 
floors; but the method developed can applied without modification 
floors that include statically indeterminate members long the arrangement 
the beams such that the reactions from each beam the others are 
statically determinate. 

Consider the floor shown plan Fig. and assume beam part 
portal frame consisting beam and its supporting columns. The struc- 
ture whole statically indeterminate, but the reactions from the secondary 
beams beam remain statically determinate. 

This type structure can dealt with the method 
systems” because the fundamental Eq. applies. this method pos- 
sible reduce the floor system gradually one the basic types statically 
indeterminate structures, like continuous beams portal frames. Such struc- 
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tures can dealt with known methods—as, for example, those explained 
Section 

Statically indeterminate floors other types require different treatment and 
are considered Section 


APPLIED STATICALLY INDETERMINATE STRUCTURES 


The procedures explained Section apply only structures that are 
statically determinate that belong special type indeterminate systems 
mentioned the very end Section Frequently beams are continuous 
because their end connections are rigid and able transfer bending moments. 
estimate the influence rigid connections and treat floors that contain 
continuous beams, are otherwise indeterminate, the method developed 
Section extended, follows: 

First, imagine that all the continuous beams are cut into simple beams, 
leaving floor system statically determinate elements. Frequencies and 
normal modes such system can found the procedure Section 

Next (as the theory statically indeterminate structures), assume that 
moments act each the points where the continuous beams were cut. 
Each the moments acting alone the statically determinate basic 
structure creates certain deflections, system symmetrical, 
advantageous treat symmetrical and asymmetrical modes separately. For 
selected statically indeterminate values whereas for asymmetrical modes 

Since the deflections any statically indeterminate structure are equal 
the deflections the statically determinate basic structure due the 
same load, plus the deflections due the statically indeterminate moments 
the former can expressed the normal modes the basic structure 


the normal mode, the indeterminate system can found the 
deflections the system due the inertia loading dm, from which 


‘ k 


The coefficients this expansion are defined Eq. which (after introduc- 
ing dm) yields 


Using the orthogonality relations (Eq. and 4c) the first sum the right- 
hand side can reduced c;. Then, replacing the dummy index and 
introducing the abbreviation: 


Biz = fo We dm Tt (41) 


| 
{ 
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the resulting form 


There are many such equations there are coefficients 

Additional relations can obtained from the theory statically indeter- 
minate structures. the moments due any loading statically inde- 
terminate structure are and the moments created the action any 
statically indeterminate moment the statically determinate basic 
structure are m,, then the condition— 


—must satisfied. The integral has applied all the beams the sys- 
tem. Eq. applied the present system loaded with the inertia forces 
dm, the moment can expressed second derivative the deflec- 
tions the system. 


definition the deflection the basic system due the action 
Therefore, 


these values are substituted for and Eq. 43, 


Substitution the expansion (Eq. 39) Eq. yields 
fa I dz > xX. fa I dz = 0 (46) 
‘ k 


The the first term Eq. the well known expression for the 
virtual work done the loading dm, which creates the deflection 
the system undergoes deflection According Betti’s law this virtual 
work must equal the virtual work done the moment the 
system undergoes deflection 

The virtual work done the loads the deflection obviously 


which the angle between the two tangents the curve point 
Therefore, 
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The integrals the second term Eq. can interpreted similar 
manner. They represent the angle between the two tangents 
point 


The value can easily computed differentiation Substitution 
Eqs. and into Eq. yields 


There are many such equations there are statically indeterminate 
values X;. and form set linear and homogeneous equations 
for the values and X;. equations have solutions and 
only the determinant their coefficients vanishes. The condition 
therefore the frequency equation. 

obtain normalized solutions the coefficients and must deter- 
mined such way that Eq. satisfied. The normalizing condition can 
brought into the form: 


‘ i,k 


apply the formulas derived Section first necessary find the 
values the coefficients defined Eq. 41. There would funda- 
mental difficulty computing the value the integral Eq. 41, but 
Eq. gives alternative relation 
which avoids the determination 
any integral. From the right-hand 
side Eq. 47, 


which the angle between the two tangents This angle 
positive does positive work during its formation. 


FOR REFERENCE 
Formulas for Frequencies and Modes Simple Beams.—A beam with dis- 


tributed mass shown Fig. has the frequencies: 


which measured feet, inches‘, pounds per foot, and 
30,000,000 per The normal modes are 


| 
| 
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The value the following integral frequently required: 


Beams Other Structures Carrying Small Number Concentrated Masses. 
such system vibrates with the circular frequency and the amplitudes are 
These inertia forces cause the deflections the system; and, the deflections 
due these forces are determined, the result must equal the original 
amplitudes etc. This relationship can used find the natural fre- 
quencies and modes such 


the influence numbers (which indicate the deflection any point 
due unit point are used, the deflection due the inertia forces 
can expressed the form: 


Eq. 55, and similar equations for points ---, can rearranged: 


there are masses, there are such equations for the values 
Eqs. are homogeneous and have only trivial solutions unless the 
quency equation: 


2 


Eqs. are the nth order terms and have roots which need 
not all different. can shown that all these roots 1/w* are positive and 
real. Each root can introduced Eqs. yielding set amplitudes 
for each frequency 
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Every set values can multiplied arbitrary factor. this 
factor suitably chosen, the normalizing condition satisfied and the ampli- 
tudes become the normal mode The normalizing condition 


This method very suitable for systems with small number masses. 
the number high, the computations become rather involved, but approxi- 
mate solutions can derived the matrix method.‘ The latter not 
explained this paper because such cases can solved the 
method, which based the same principle. The Stodola-Vianello method 
the more advantageous because more akin engineers than the rather 
mathematical matrix method. 

The Method principle this method follows: 


obtain series approximations the fundamental mode assume 
first approximation pure guessing. compute the deflections 
the system due the loading my™. were the exact mode mul- 


it, the resulting deflection would equal y™, because the 


deflections any system due the inertia loading toa 
normal mode are equal this same mode Since the amplitude 
somewhat like the amplitude will still roughly similar shape that 

can proved that nearer the correct shape the principal 
oscillation than y™. the process repeated, series approximations 
are obtained. After few steps these curves not differ 
shape any more—they differ only scale and the ratios --- 
are approximate values w*. The most exact value the average value 
the last two steps: 


Any method, graphical numerical, can used find the consecutive 
deflections The foregoing procedure can applied 
statically determinate well indeterminate structures. 

One suitable method finding the deflections beams with either constant 
variable moment inertia divide the beams number short 
segments (see Fig. 10) for which the moments inertia can assumed 
constant, and concentrate the masses the division points 
Then, the moments the division points due the inertia loading are 
determined. 

According the theorem “elastic weights” the deflections girder 
are the bending moments beam equal span created the 


c., New York, N. Y., 1940, pp. 196-204. 
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“elastic weights” Excluding framed structures, these weights 
are given the formula: 


the intervals and the moments inertia are constant, Eq. 60a 
becomes 


6 (Mis + 4M; + (60d) 
this method used, the entire computation can 
arranged tabular form shown subsequently Section 
Since the masses are now concentrated the division points, the inte- 
grals Eq. change into sums: 


M; (n—1) 


The amplitudes the principal mode are finally multiplied factor and 
become the normal cy. This factor found from the normalizing 
condition: 


system symmetrical, the method can used find the lowest sym- 
metrical and the lowest asymmetrical modes. These two modes are obtained 
starting once with symmetrical curve and once with asymmetrical 
y™, 

method can used find the frequency simple beams but 
possible extend further and determine higher frequencies. Making 
use the fact that the fundamental mode and any higher mode are 
orthogonal, 


(63a) 


the designer can find the second mode the same procedure, begins with 
assumed first approximation which orthogonal thus, 


Functions which satisfy this condition can expressed and found the 
formula: 


Ed., p. 
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which arbitrary function. This relation can easily checked 

Beginning with function according Eq. further approximations 
can obtained following the same procedure for the first mode. the 
first mode known exactly, would sufficient start with function 
which orthogonal and every subsequent approximation would remain 
orthogonal but known approximately only, and, therefore, Eq. 
gives function which approximately orthogonal relation the exact 
amplitudes Therefore, necessary insure that remains orthogonal 
applying Eq. the subsequent approximations y™, --- 


further modes are required the same process can used, but the normal- 
izing condition— 


—must employed. This procedure insures that the approximations are 
orthogonal all the lower modes which are already known. The convergence 
the process for higher frequencies not good for the fundamental one; 
but the first four five frequencies can computed with reasonable accuracy. 

Replacing Rigid Bodies Their Dynamic masses supported 
beam frequently comprise machines that can considered rigid bodies. 
For computations desirable replace such bodies equivalent imaginary 
masses placed the points support. This can done using the con- 
cept “Dynamic described Section 

common case shown Fig. 11(b). The machine supported four 
points and which rest the girders and Such arrangement 
statically indeterminate because rigid body requires only three supports. 

There important case which this difficulty disappears. axis y—y 
axis symmetry the machine and the amplitudes girders and 
are equal, approximately equal, each girder carries one half the load. 
The mass supported girder and equals half the total mass the 
machine (see Fig. 11(a)); the polar moment the mass relation 
point which the projection the center gravity the girder axis. 
the beam oscillates with amplitudes and shown (Fig. 11(a)), the move- 
ment the machine consists vertical movement and rotation around 
point Therefore, the inertia forces are vertical force 


and couple Their reactions point and point are 


(la 


Imaginary masses points and would create inertia forces: 
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Accordingly, the machine can replaced the imaginary masses: 


and 


These fictional masses and depend the ratio but they can, 
nevertheless, used for frequency computations without any difficulty (see 
Section 4). apply for the case equal amplitudes the form: 


and M; = 


Eq. indicates mass distribution according the law statical reactions. 
correct use Eq. only the amplitudes the points support are 
equal least approximately equal. 

the machine not symmetrical the girders and not deflect 
equally, necessary remove one the redundant supports, analyze the 
remaining system, and afterward consider the effect the reintroduction 
this support the method developed Section for statically indeterminate 
structures. 

demonstrate the principle, consider again the machine shown Fig. 
The machine still has the axis symmetry y—y but the deflections 

The total mass the machine and there will two polar moments 
and which refer axes parallel z—z and respectively. 
order not lose the advantage the symmetry but still obtain statically 
determinate case, remove the supports points and and support the 
machine instead point halfway between points and imaginary 
rigid girder that rests girders and points and (see Fig. 11(c)). 

Expressions for the fictional masses M,, Ms, and functions 
the amplitudes ys, and can derived manner similar that used 
for The frequencies and modes the system carrying these imaginary 
masses can then found the method given Section The modes 
this statically determinate basic systera can then used, explained 
Section find the frequencies and modes the actual statically indetermi- 
nate system. The statically indeterminate values defined Section 
this case, are couple vertical forces acting points and the machine, 
and opposite couple equal size acting points and the girders 
and The value these couples will such that the imaginary gap be- 
tween the machine and the supporting girders closed. 

should emphasized that, obtain fairly exact results, really 
necessary use the procedure indicated this subsection. distribute the 
mass over the supports simply following the laws static reactions and 
disregard the restraint due the indeterminate four-point support machines 
would lead considerable errors the frequencies (particularly the higher 
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frequencies) except when the machines represent only small part the total 
mass the system. 

The dynamic reactions thus found are used replace the actual masses 
rigid bodies all through the computations. determine the value 


expression such dm, the amplitudes Eqs. must interpreted 


the dynamic reactions can computed introducing the amplitudes either 
into these equations; but must used consistently for all 
dynamic reactions. The final value the integral does not depend which 
the two used. 


ILLUSTRATIVE EXAMPLE 


demonstrate the application the theory developed Section con- 
sider rather simple example which, nevertheless, will serve guide 
procedure more complicated cases. The structure shown Fig. 12. 
The 25-ft-span cross girder supports eight secondary 16-ft-span floor beams 
Ts, which turn carry open steel flooring in. deep weighing per 
ft. The secondary beams T:, Ts, Ts, and carry two identical machines, 
each weighing 6,720 including the base but without any impact allowance. 
The beams shown Fig. are British standard sections, and would suitable 
carry the dead load, the weight the machines plus 50% impact, and dis- 
tributed live load 100 per ft. desired investigate whether this 
structure safe against resonance the machines run 320 rpm. 

Only the masses that are the structure under working conditions should 
taken into account. These are the masses the flooring, all the beams, 
and the machines without impact. Under normal working conditions 
appreciable live load occurs and allowance will made for it. For the 
computation the lowest frequency system the distributed mass the 
flooring can assumed concentrated the secondary floor beams (see 

tion 1). Making use this simplification, the system consists only the 

The system has two axes symmetry a—a and indicated Fig. 
12. general, computations can simplified considering symmetrical 
and asymmetrical modes separately. this particular case advantageous 
use the axis symmetry a—a and the modes which are symmetrical 
relation a—a are considered separately from those which are asymmetrical 
relation toa—a. For structures that not contain continuous beams the 
lowest frequency corresponds, rule, symmetrical mode and, therefore, 
the designer needs compute symmetrical modes only. computations 
this nature essential keep the dimensions uniform. Throughout this 
example all distances are inches, weights are pounds, and time seconds 
definitely stated otherwise. The acceleration the earth these 
dimensions 386 in. per 

Choice Complementary explained Section the system 
divided into two complementary systems and Girder (Fig. 12) the 


a 
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only one that rests entirely external supports. form system therefore, 
assume girder have all other girders retaining their actual 
moments inertia. System obtained leaving the moment inertia 
girder its original value, the value for all other girders. 
Referring system the assumption transforms all the girders 
into simple beams fixed supports. The normal modes system 
therefore, comprise all the modes 
the girders Ts. These modes 
can found the methods Sec- 
tion The choice complemen- 
tary systems, this case, has not 
been influenced any consideration symmetry; these systems can used 
for both types modes, symmetrical and asymmetrical. 

The Normal Modes System B.—System consists the eight secondary 
beams which (as result the simplification concentrating the mass the 
flooring the beams) oscillate independently from each other. The four 
girders Ts, and (see Fig. 13) are mechanically alike and carry equal 
mass. Their frequencies and modes must identical. The equally dis- 


1 
0 0 0 


0.874. The dynamic reactions each these 


decide higher modes these beams are required the rule given 
Section 1—that only frequencies below need considered—is applied. 
320 

quently, modes corresponding frequencies greater than 100 can 
neglected. the fundamental frequency these beams already 94, 
higher modes are required, and the designer can proceed the more complicated 
task finding the modes the girders Ts, Ts. and These latter girders 
are again equal dimensions and mass and must have identical frequencies 
and modes. 

Each machine carried two secondary girders. The arrangement 
symmetrical, and the computation concerned with modes that are sym- 
metrical axis a—a. Section describes how such machine should 


The machines run 320 rpm which yields 33.5; and, conse- 
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replaced concentrated masses; and the present case one which 
apply. 

shown Fig. each these girders carries distributed load and 
one half machine. The moment inertia these girders 122.3 


6,720 


386 


———. Toreplace the machine its dynamic reactions the points 


which one half carried each girder. The mass, therefore,is 


and the polar moment the machine required. this 


polar moment for the entire machine 5,376 the polar moment per 

Eqs. the dynamic reactions are 


2 7 _ 


Application the Stodola-Vianello Method the Determination the Mode 
shown Fig. 14(b) the span divided into eight equal parts and 
the masses are concentrated the division points. The choice the division 
points has been made such way that important and large concentrated 
masses, such the dynamic reactions and coincide with division 
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4 


and explained Section the Stodola-Vianello method makes 
possible obtain the normal modes successive approximation. The 
first approximation found guessing only; then, the beam loaded 
with the inertia forces corresponding and the deflections are determined. 
These deflections are the next approximation the mode; the process 
then repeated often required. 


InerTI1A LoapDING Exastic WEIGHTS 


Table shows the arrangement the computations for the first step. 
Cols. and Table contain the values the assumed amplitudes 
the masses and obtain the numerical values the masses 


points and must carefully remembered that the ratios and 
2 ‘4 


the expressions for these masses refer the amplitudes just considered and 
that, therefore, 0.80 and 0.95 (see Col. Table which yields 


0.80 0.95 
Cols. and are headed Loading” and contain the inertia load 
the shear forces due these loads, and, finally, the moments. After 


1051 
Also 
and 
Point 
Mass 
Fig. Mo- Mo- 
(1) (2) (3) (4) (6) (8) (9) (10) (12) 
5.998 35.412 
0.45 0.49 0.10 0.22 5.998 5.96 35.412 615 0.40 
5.778 29.452 
0.80 5.19 3.32 4.15 11.776 11.08 64.864 23,012 0.731 
1.628 18.372 
1.00 0.49 0.49 0.49 13.404 13.32 83.236 3,396 0.93 
1.138 5.052 
0.95 4.57 4.12 4.34 14.542 13.82 88.288 34,145 0.994 
—8.768 
0.75 0.49 0.28 0.37 11.340 11.28 79.520 3,100 0.89 
—3.572 —20.048 
0.50 0.49 0.12 0.25 7.768 59.472 1,733 0.67 
0.25 0.49 0.03 0.12 3.946 3.92 31.694 492 0.36 
—31.698 
L 
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the reactions point are found, the shear forces are determined, one one, 
subtracting the point load from the shear the preceding panel. Since 


the panel length constant, in., the values the moment can 


found, step step, adding the shear force the moment the preceding 
panel point, starting with for point 

Cols. and 10, Table are headed and contain the 
values found from Eq. the shear, and the moments due the loads 
all with suitable multipliers. Col. the approximation the funda- 
mental mode. 

Col. gives the values which are required find the 


2 


the masses points and must recomputed, using the values 


2,990; and obtain the values Col. 11, 


88.288 

= = 9 4 = 

64.864 and 88.288; thus, 64.864 

64.864 

Col. 12, Table finally, contains the values: 


had been the correct mode, would have been exactly equal 
and the actual differences enable the designer judge the degree approxi- 
mation. this only the first step, there are still noticeable differences. 

The computation now repeated, beginning with the values just found. 
principal mode can always multiplied factor; therefore permissible 
start the next step with the values w*y®. This procedure convenient 
because otherwise the numbers the tables would increase after every step. 
not necessary reproduce the computation for the further steps since the 
tables are quite similar Table The results the first three steps are 

The result the second step (Col. differs very little from 
(Col. and the third step (Col. produces change. The result the 
third step, therefore, selected final. The values Table represent the 
amplitudes principal mode and therefore contain arbitrary factor. 
find the normal mode this factor must chosen satisfy the normalizing 
condition Eq. 62: 
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The quantity 8.39 has been computed Col. Table and 
the normalizing condition will satisfied 


Col. Table contains the value which will required sub- 


sequently. 
The result all these computations can summarized follows: 


and 


The exact value the next frequency these beams not known without 
further computation, but will least four times the fundamental fre- 
quency—that is, more than 200. this value greater than the previously 
explained limit 100, further modes these beams need not considered. 


TABLE METHOD, RESULT ADDITIONAL 


(11) (12) 


nN 


a 


9 


0.2 
0.4 
4.2 
0.4 
5.7 
0.4 
0.4 
0.4 
0.2 


5 
9 
6 
9 
9 
9 
9 
5 


The dynamic reactions these girders the main girder are given 
the integral formula Eq. 13. For concentrated masses this equation yields 


The computation this sum shown Col. 12, Table accordance 
with Fig. the dimension must measured from the far end the girder— 
that is, this case from point shown Fig. When determining 


Line step atep 
2 3 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
1 0 1.000 0.25 
0.875 | 0.059 | 0.835 0 375 
0.750 | 1.032 | 0.750 2.395 
" 0625 | 0.099 | 0.625 0.19 
0.500 | 0.750 | 0.500 1.43 ’ 
0.375 | 0.057 | 0.375 0.07 
0.2450 | 0029 | 0.250 0.03 
: 0.125 | 0.008 | 0.125 0.01 ; 
> 
) 
e 
0 
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the masses Col. 11, Table for points and the amplitudes these 
points are required. (Amplitudes always refer the amplitudes under 
consideration, which are, this case, 0.75 and 0.50 yo.) 

4.75 

The Modes System A.—System consists girder Ts, which has 

explained Section such system can replaced girder alone, 
carrying (in addition the actual masses) further imaginary masses which are 
termed the dynamic reactions the omitted girders. 


Fig. 15(a) shows girder and its mass distribution: The weight the 


: 
tional mass at,point the sum the dynamic reactions the beams and 


For the computation, concentrate the comparatively small distributed mass 
points and thus obtain the mass distribution shown Fig. 


and 


Because the number masses the use influence numbers (ex- 
plained Section gives the quickest result. For the present only the modes 
that are symmetrical axis a—a are interest; and take full advantage 


and 
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this symmetry the influence numbers are defined special way. 
Numbers and are the deflections points and result the 
symmetrical arrangement unit loads shown Fig. 15(c). Because sym- 
metry, dis and Similarly and are the deflections due 
the two unit loads shown Fig. The numerical values these influence 
numbers are (in inches per pound): 0.108 0.166 

The amplitudes the principal modes are and ys. using 
the same reasoning that led Eqs. Section two equations are obtained 
for the amplitudes and which are identical Eqs. 56. Substituting the 
numerical values for and Eqs. 56, 


Eqs. have only the trivial solution unless their determinant 


4 
There are two roots: 3.176 and 0.022 56.1 and 


higher value beyond the limit 100 and only one root remains: 
56.1 and w*4 3,149. find the amplitudes the normal mode, 
introduce this frequency Eqs. both which give the identical result 
0.610 further relation the normalizing condition (Eq. 58) which, 
for the present case, reads 


and finally 0.207 and 0.610 0.207 0.127. express the fact 
that these are the amplitudes the normal modes system one may 

These are the values the four points where concentrated masses 
occur. The next step find the amplitudes the mode for points situ- 
ated along the secondary beams. Since system these beams are rigid, 
they must also remain straight. the ends where these beams are supported 
girder the amplitudes are 0.127 for girders Ts, and and 
0.207 for girders Ts, Ts, and the other ends must vanish. 
Therefore, the linear expressions are: For beams Ts, and 


0.127 


~ 
77 
‘ 
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and, for beams Ts, Ts, and 


0.207 


Eqs. 79, the coordinate the point considered measured from the 
external support each girder. 

Computation the Coefficients frequency equation, Eq. 32, con- 
tains the coefficients which are yet found. defines these 
coefficients. this example one mode and eight modes 
occur. There are, therefore, eight values 8). 

The integrals the equations for must taken over all the masses 
the system. Because system consists number separate beams, any 
value vanishes for all points except those lying beam in- 
tegral, therefore, needs taken over the masses beam only. 

find the value 


must befound. Substituting 0.127 (which valid for points beam 


and remembering that dz, 


The value the last integral Eq. has already been found, together with the 
mode and 0.127 0.874 0.111. The values for girders 


The Frequency the values and the values the 
2,980—are substituted into Eq. 32, the frequency equation 
assumes the form: 


Fig. 16, with variable, gives the values the left-hand side Eq. 
solid lines and the values the right-hand side dotted lines. The inter- 
section points are the frequencies the system. The roots the frequency 
equation, found trial and error, are: 1,654, 7,950, and 26,000 
40.7, 89.2, and 161. 
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has been shown Section that Eq. does not give all the frequencies 
system some the values are alike. This occurs this example: 
multiple frequency system remains frequency the complete system 
and there are, therefore, two additional frequencies, 54.6 and 94. 

All the frequencies found correspond modes that are symmetrical 
axis a—a, and these frequencies, arranged order increasing maghitudes, 

enable the designer appreciate the meaning these results the ampli- 
tudes the modes corresponding these frequencies were computed. This 
procedure will give some enlightening information the frequencies and 
which would otherwise not quite clear. 


Determination the Modes $3, and compute the amplitudes 
these modes which belong the roots the frequency equation (Eq. 32), 
Eqs. and were used. 

The amplitudes the modes and are illustrated Fig. 17(a), 
17(c), and 17(e). Referring the axes a—a and b—b shown Fig. these 
modes are symmetrical not only for axis a—a but also for axis 

Determination the Modes and ¢4.—To find the modes and refer 
Eqs. which now become 


2 8 
and 


Eq. represents eight equations because can any number from 


. 
‘ 
100 120 140 160 180 
2B 
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these results Eq. 83a (remembering that 815 only four 

The numerical values cig and are computed from the normalizing 
tudes the illustrated Fig. 17(d). similar computation for 

These two modes (Figs. 17(b) and 17(d)) are still symmetrical axis a—a 
but they are asymmetrical axis b—b. The significance these two modes 
now becomes quite clear; each group secondary beams can oscillate without 
interference the other beams, because the girders both sides move 
opposition; girder remains stationary because there are loads 
girder Ty, which due the fact that the reactions for each pair secondary 
beams and and etc., balance each other. 


TABLE FREQUENCIES 


40.7 54.6 94 161 
40.7 54.6 88.7 158 
Didevaee 41.0 55.4 104.5 109 166 
55.4 104.3 109 162 


Reliability mechanical system shown Fig. includes 
some distributed masses. Therefore, has infinite number degrees 
freedom. Such system has infinite number frequencies well. The 
present study has revealed only five frequencies corresponding symmetrical 
modes because the frequencies the complementary systems greater than 
100 have been neglected, thus artificially reducing the number degrees 
freedom. 

The limit 100 has been selected insure that frequencies approxi- 
mately will correct; greater frequencies may contain some error. 
For example, Table comparison frequencies), line shows the results 
the foregoing computations; and line the frequencies obtained doubling 
the number modes the complementary systems. The first two frequencies 
remain entirely unaltered, which better than could expected. 

There another simplifying assumption that affects the frequencies—the 
mass the flooring has been concentrated the secondary beams. According 
the rule given Section this good approximation long the result 


rer 
the 
are 
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remains below the lowest frequency the secondary girders themselves. 
the present example this lowest frequency 54.6. Therefore, and 
are good approximations, whereas the higher frequencies are not reliable. 


(a) Normal Mode ¢,; 


(6) Normal Mode 


(c) Normal Mode #3; #;=89.2 


(d) Normal Mode 


Normal Mode 161 


check this rule, line Table shows the result more exact computa- 
tion taking into account the effect the flooring. Line gives the result 
obtained the same number modes employed for line The more 


T2.T3 
— 
Te, 
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exact results line differ from line only 0.75% for the 
frequency and 1.75% for the next frequency, which quite sufficient for 
all practical purposes, and justifies the rules given Section 

the foregoing computations all the connections the secondary beams 
have been assumed entirely hinged. actual practice these beams will 
least partly restrained and this restraint will tend increase the frequencies. 
obtain estimate the effect partial fixation, the fundamental fre- 
quency the system with fully continuous secondary beams was determined 
the method explained Section The fundamental frequency was found 
43.8—8% higher than that without continuity. The effect partial 
restraint, therefore, will less than 8%. 

Factor higher frequencies and the shape the modes have 
been discussed gain better understanding; but for practical purposes the 
value the fundamental frequency 40.7 all that required. The 


machines run 320 rpm, the circular frequency being 33.5. 
The factor safety against resonance therefore This result 


not quite satisfactory. Considering that certain margin error computa- 
tions this kind must expected, one should attempt obtain factor 
safety 1.40 whenever possible. The structure shown Fig. therefore 
not quite suitable for the contemplated purpose and should strengthened. 
secure factor safety 1.40 the fundamental frequency must raised 
1.40 33.5 46.9. 

Alteration the Moments Inertia.—To find the moments inertia re- 
quired give the fundamental frequency 46.9, not necessary repeat 
the entire computation. Assuming that the mass the structure not altered 
the change which approximately correct, will seen that nearly 
all the original computations can used. 

The most economical method obtaining the small required increase 
the frequency alter only the beam, beams, with the lowest frequency 
Thus, the present case only beams Ts, and need 


altered. This alteration does not affect the modes and frequencies system 


Even the modes and and their frequencies which originate 
from girders Ts, and Ts, remained unaltered. 

obtain the new modes and and their frequencies, 
theorem II, Section used. states that the normal modes system 
remain unaltered all the moments inertia are changed, proportionately, 
from into such change, however, alters the frequencies w;, which become 

theorem applied each the separate girders Ts, Ts, and 
their moments inertia are increased from This increase alters 
their frequencies and but leaves the 
amplitudes and unchanged. the numerical values 
none the modes have varied, the numerical values all the coefficients Bis 


a 


t 
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remain the same. Thus, the frequency equation can written without 
further computations because only the frequencies and 
that need adjusted: 


2 
wip a 


The effect the change sections the frequency equation only the 
introduction the coefficient Since the desired frequency known, this 
equation can used the reverse determine the required value Sub- 

and 2.01. 

Originally, 122.3 and now required that 122.3 2.01 

246 


The method presented this paper permits the determination the reso- 
nant frequencies complicated structures. makes possible comparison 
the values the operating frequencies machinery with the values 
resonant frequencies supporting floor. any danger resonance found, 
appropriate changes can made before the beginning actual construction. 

The author has applied the method successfully the frequency analysis 
the complicated fan floors boilerhouses and, one occasion, the fre- 
quency analysis high radio tower the roof multiple-story building. 
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DISCUSSION 


procedure for finding the natural frequencies 
floor systems (or any other combination structural members) will great 
value cases which imperative avoid the resonance machines 
not only with the fundamental mode, but also with the higher harmonics 
the structure. buildings, however, such cases are comparatively rare. 
Usually, the designer will concerned with only the gravest frequency, because 
the amplitudes the higher modes are generally kept check the ever- 
present damping. 

Whenever only the frequency the fundamental mode required, shorter 
way arriving the solution equating the maximum potential and kinetic 
energies, developed Lord Although this method gives only 
approximate results (because suitable assumption has made concerning 
the shape the structure during vibration), known from all cases which 
the exact and the approximate solutions could compared that the accuracy 
Lord Rayleigh’s method surprisingly high and more than sufficient for all 
practical purposes. 

applying the energy method floor system, the problem how 
correlate the shapes the different members arises. This difficulty can 
easily overcome determining the energies throughout from the shapes the 
statical deflections. Moreover, this particular choice leads extremely 
simple formula for the fundamental circular 


which the acceleration gravity; represents the loads; and the 
corresponding deflections. According its derivation, Eq. can applied 
any system and will appeal especially structural engineers, because 
reduces the vibration problem essentially the routine task computing 

The writer welcomed the opportunity check the accuracy the energy 
method the case floor system, for which Mr. Bleich has provided the 
exact solution. Applied the numerical example the paper, Eq. yields 
fundamental frequency 41.1 per sec. This only more than the 
correct frequency value 40.7 per sec—that is, practically equivalent. 

the floor layout shown Fig. symmetrical about the axis 
follows inspection that the frequencies some higher modes the entire 
system must coincide with the fundamental frequencies the individual beams 
(or Ts, Ts, and (or Ts, Ts). this particular case, therefore, 

Structural Albert Kahn, Associated Archts. and Engrs., Inc., Detroit, Mich. 


7**Theory of Sound,”’ by Lord Rayleigh, Macmillan & Co., New York, N. Y., 2d Ed., 1877. 


Problems Engineering,” Timoshenko, Van Nostrand Co., Inc., New York, 
N. Y., 2d Ed., 1937, pp. 94-95. 
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these higher frequencies can also computed Eq. 86. The results are 
follows: 54.3 (from and These values compare, 
respectively, with the author’s values 54.6 and 94.0. 

the section under the heading, ‘‘Replacing Rigid Bodies Their Dy- 
namic Reactions,” attention called the fact that vibration problems 
rigid body must replaced its dynamic reactions rather than its statical 
reactions the points support. similar difference occurs when the energy 
method used. and denote the statical reactions, seen from Fig. 
that the kinetic energy the rigid machine during vibration not correctly 


2 2 


nator the radicand Eq. the contribution the machine loads 
2 2 
However, the example considered, the writer found the influence this 
correction negligible. For the frequency the fundamental mode change 
was obtained three significant figures, whereas the frequency the second 
only from 54.3 54.6 (thus coinciding with Mr. Bleich’s result). 


Hans ASCE.—Mr. Hauer’s comment that the fundamental 
frequency buildings can found simpler methods correct for simple 
structures only, and the proposed method was developed just for the cases 
which these simple methods fail. The fact that the frequencies the 
example the paper can found the Rayleigh method should not mis- 
construed; the stated clearly that the example very 
simple system selected only demonstrate all the steps the method. 

indicate the type structure for which the method was devised, Fig. 
shows the framing one half the bay boilerhouse which the 
method was applied. There were three bays, and the column spacing was 
close both directions. The fans had two alternate speeds, 580 
rpm and 725 rpm. Structures this type have number frequencies 
close together the vicinity the fundamental frequency the main girders, 
for this span between 200 rpm and 300 addition, there are higher fre- 
quencies, which had kept high, out resonance with the fans. The 
frequency analysis showed that, order achieve this, 57-in.-deep plate 
girders had used for the support the fans (see Fig. 18). These girders 
are short spans and, result, have very low stresses—less than 3,000 


Associate Engr., Hardesty and Hanover, Cons. Engrs., New York, Y.; and Lecturer Civ Eng., 
Columbia Univ., New York, 
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per in. for static loads. All other members the floor have the sections 
determined from their static loads alone. 


Plate girder 


Wall 


12in Beam 12in Beam 
12in Beam 
\ 


Duet opening 
12in Beam 


8in Beam 
12in Beam 18in Beam 


Duct opening 


Duct opening 
Plate 


144 in Plate girder (carries hoppers) 


- 


63 in Plate girder— 


> 


19.75ft 


such cases, similar ones, the simple method suggested Mr. Hauer 
would not sufficient. this connection might mentioned that 
recently developed methods earthquake analysis require the knowledge not 
only fundamental modes, but also several higher modes, which can 
determined the method presented the paper. 
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TRANSACTIONS 


Paper No. 2417 


ROADS AND PAVEMENTS, SAMPSON NAVAL 
TRAINING STATION 


During World War II, the design and construction temporary access and 
permanent roads, walks, and paved training areas was one phase the emer- 
gency provision for the United States Navy personnel training facilities 
Sampson, Y., the east shore Seneca Lake. Unfavorable soil conditions, 
absence any local suitable base aggregate materials, limited transportation 
facilities into the site, and unusually severe weather conditions made necessary 
flexible program. The construction methods for almost lane miles roads 
within months, with little time for preparation, and with keen competition 
for labor and equipment, and yet reasonable cost, are recorded because 
the extremely low maintenance required years concentrated use 
training station followed years use temporary college. Some 
the procedures deviated considerably from previously established practice and 
are suggested proper methods design and construction for roads fine- 
grained plastic soil areas. Design was predicated the availability 
materials and equipment and followed the actual purchase the materials. 


INTRODUCTION 


Extent area 2,500 acres, adjacent the east shore 
Seneca Lake New York, with about miles lake frontage, was 
converted into training station for Navy personnel. The basic training areas 
(six number) consisted rectangular 15-acre sodded drill field, with 
paved drill area wide three sides. six fields with barracks and 
service buildings were connected paved roads and paths. Each area had 
average 1.5 miles main road and training strip about 0.5 mile long. 
number special service areas (for advanced training, administration, ware- 
housing, civilian housing, and hospital) accounted for almost much paving 
the six training areas. 

total, the equivalent miles roads wide wassurfaced. The 
roads comprised (in million square yards): Primary road paving, 394; secondary 


Nore.—Published in October, 1949, Proceedings. Positions and titles given are those in effect when 
the paper discussion was received for publication. 
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road paving, 158; concrete paving, 48; gravel surfacing, 17; and resurfacing 
existing roads, 49. About 95% the paved area required 8-in. stabilized 
gravel subbase, which with shoulders involved almost 300,000 tons gravel. 
Crushed stone base was placed all main roads. Hot lay tar concrete was 
used surface all primary, secondary, and existing road areas. Penetration 
and seal coats required about 800,000 gal tar, and the hot mix required 
900,000 gal tar. 

Land was acquired early June, 1942, before any surveys plans had 
been executed. Construction was well under way the end July, and 
spite weather conditions, all road excavation and subbase were completed 
December 15, with about 60% the tar concrete place. The station 
was “established” October and all areas were occupied the end 
1942. Some 440,000 sailors received their basic training this station. 

Local Geology and Topography.—The entire work was within the strip 
Hamilton shale exposure (Devonian period) (see Fig. The surface soil 
Dunkirk silty clay loam (New York State Agricultural Classification), also 
designated Honeoye silty clay loam. seemed have only two qualities 
—tough gummy clay when wet, and gaseous dust when dry. Soft shale was 
found everywhere within depth ft. This soil very difficult drain, 
quite unstable when wet, and readily subject frost heave. gives slightly 
alkaline reaction. Known also County clay,” considered the 
worst soil for highway work New York State. 

The developed land strip was about 6,000 wide, generally sloping uni- 
formly the lake shore. Fig. part reproduction the Ovid 
quadrangle Geological Survey (United States Department the Interior) map 
containing the area occupied the Sampson Training Station. The edge 
500 has drop ft, the next 1,500 has drop ft, and there 
drop 100 the easterly 4,000 ft. The land was divided series 
sharply sloping gulleys, normal the lake shore, approximately 2,000 
ftapart. Natural runoff had eroded these channels from depth; 
and, far possible, they were left undisturbed. With the watershed area 
limited extent, water level rise almost was measured one gulley 
less than min during thunderstorm. Runoff was almost 100%. Vegeta- 
tion consisted some tile drained grape and apple orchards, and small isolated 
fields flax and buckwheat. Most the area, however, was abandoned sub- 
farmland. 

Any rainfall excess 0.1 in. stopped rubber-tired vehicles unpaved 
areas. heavy rainfall stopped all operations for all other times, 
continuous sprinkler wagon coverage all traveled ways was absolutely 
essential. During dry periods, the dust cloud was visible miles away, and 
was not unusual for automobiles drive with full headlights broad 
daylight. 

Weather experience indicated that most the work must 
performed before the usual, heavy, early fall The year 1942 did not 
agree with local experience, however. July and again August, there were 
days which precipitation exceeded 0.1 in. September and October, 
there were only such days each month. Normal construction season this 
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area less than months; the last frost was May 11, and winter arrived 


with snowfall 1.7 in. October 26. Considerable subzero weather was 
experienced December. 


CoNSTRUCTION MATERIALS 


Available Materials.—In the immediate vicinity, the only stone found was 
soft shale, which slaked easily and rapidly upon exposure. The nearest hard 
shale quarry, near Hayt Corners, 10-mile haul each way), had been 
abandoned and required full complement tools and equipment. Lack 
time prevented its development. Good limestone and some dolomite was 
available from Oaks Corners, Y., miles north Geneva, 22-mile 
haul the station). This rock was selected for railroad ballast, road base, 
pavement concrete aggregate, and tar concrete aggregate. 

Some granular bank material was found near the local drainage gulleys, but 

such and uncertain volumes that only one area was actually placed into 
production. few days work depleted the entire area. Good sand and 
gravel deposits were being worked along the contact between the limestone and 
shale chiefly Oaks Corners and Phelps, Y., about miles 
from the work. 

The Oaks Corners pit produced clean, fine, mason sand—double washed. 
The glacial deposits Phelps gave satisfactory run-of-bank sandy gravel 
suitable for road subbases, with processing blending. fine sand was 
obtained from deposit Junius, Y., containing considerable lime in- 
trusion from outwash seepage. Adjacent this deposit was sandy gravel 
deposit (54% retained the No. mesh, and passing the No. 100 mesh) 
which was developed produce 2,500 tons per day. Transportation bottle- 
necks and depletion exposures this area north Geneva forced prospecting 
toward the south, and October, run-of-bank gravel pit was opened 
North Hector, Y.—about 16-mile haul the area. Several feet over- 
burden was blended into the gravel and much large stone had 
from the roads when this material was spread. The finer graded materials 
were more suitable and gave better results with less effort. 

Transportation only road feeding this area New York route 
96A, which was then concrete pavement wide. The lake road (see Fig. 
was black-top light traffic by-pass branch route 96A. Railroad connec- 
tions were built early part the program, but there was little space 
cars for anything beyond lumber and metal materials. 

careful scheduling truck movements over the one road access (using 
about 110 trucks the day shift and trucks night) more than 100,000 
tons sand, stone, and gravel were brought into the site per month. 
permit higher speed and increase safety, the road was widened paving 
with one course hot lay tar concrete 3-ft strip each side the 16-ft 
strip. trucks were permitted the lake road, and trucks were 
required keep off the main road for min, morning and evening, during 
the peaks worker travel. Almost 10,000 people, about 90% private cars 

(fully loaded), came into the station within 30-min period the beginning 
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the day shift. About 8,500 came from the north, with traffic congestion 
major proportions. 

Existing Roads and Temporary east and west roads were 
found crossing the station area (see Fig. 2). Road was built-up surfaced 
farm road, consisting bed in. deep over part the width, the 
remainder being in. loose crushed soft shale. this bed had been placed 
several layers bituminous penetrated crushed limestone (probably tar 
binder and in. unscreened stone), making 6-in. thickness. The total 
surfaced width was ft, bounded steep ditches. 

Road consisted 6-in. bed soft shale with 2-in. covering pene- 
trated screenings. This was also wide. Road was similar but the 
screenings had not been penetrated. Locally, these roads are known 
roads and are made spreading crushed shale directly the natural 
clay soil and letting traffic iron out the aggregate into pavement. Later, 
screenings are added fill out the when traffic warrants it, especially 
reduce the dust dry periods, penetrated surface added. The roads 
shed water very readily, are not slippery, and permit 35-mile speed for all 
types passenger and light truck traffic. Roads this type were used for 
hauling several hundred truck loads sod (from 3-ton loads 5-ton loads) 
per day, addition the normal local use, with little damage the surface 
the compressed soft shale. 

widen these roads required digging new ditches and filling the existing 
drainage channels. There was time for such major change. Ditches were 
cleaned and the road surfaces were scarified in. deep, penetrated with grade 
RT-4 tar, and covered with in. stone screenings. added surface layer 
could applied because the resulting road width decrease was not con- 
sidered safe. 

the middle each road length, traffic circle was constructed permit 
reversal direction. The radius this circle was ft. These traffic 
“turnarounds” provided space for trucks pull out while waiting orders and 
also unload part loads into smaller vehicles which could move the natural 
soil. Eventually, after construction was almost completed, these roads were 
widened and resurfaced and became part the completed road system. 

Generally, permanent roads were graded and covered with 4-in. layer 
the gravel subbase for use temporary access roads. continuous main- 
tenance gang from men, with grader, bulldozer, and trucks kept 
all roads available for construction traffic, while also operating water sprinkler 
wagons keep the dust within some control. 

All-weather parking and bus terminal areas were built preparing sand- 
clay compacted surfaces. The procedure was scarify the soil about in. 
deep, cover with 2-in. layer fine dusty sand from the limestone outwash 
area, harrow and disk the mixture uniform color, and roll the surface. 
Water was added from sprinkler truck. Control water and rolling was 
accordance with simple instruction: When light private car left tire marks, 
more rolling was needed; when the tires raised dust, more water was needed. 
These parking areas were maintained adding stone chips low spots de- 
veloped. There was subsurface drainage and the surfaces were sloped 
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about 200 toward ditch. The main parking areas were 200 wide, and 
held remarkably well; years further use public parking areas and 
bus terminals still left them fairly good condition. 

Grading general all excavation and shaping the subgrade 
was tractor scrapers; fifteen such units 12-cu-yd size, aided 60-hp 
bulldozers tough ground areas, each moved from 600 700 
daily build grade and cut ditches. The work was then finished patrol 
graders that practically handwork was needed. The road cuts were first 
made in. below final grade between ditch slopes and then out in. 
deep for the gravel subbase. For primary roads, approximately 500,000 
grading was required; and, for secondary road areas, 200,000 yd. Peak 


production occurred the month September when 143,000 was 
graded and prepared for gravel subbase. Most the excavation volume 
came from the drainage ditches. This excavation was expedited provide 
gravity drainage for all road excavation. drain the box trench excavated 
for the road pavement bleeder trenches were cut apart and wide, 
each side into the open ditches, and filled with broken stone. Working condi- 
tions after rainy spell are shown Fig. 

The same labor-equipment group prepared subgrades, finished slopes 
ditches, and placed the gravel subbase (from 2,000 tons per day 4,000 tons 
per day) for roads and shoulders. The typical size this group usually 
operating six locations was follows: tractor scrapers, bulldozers, 
motor graders, rollers, and from 150 men 185 men including foremen. 
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expedite the road preparation work, some wheel-propelled scrapers were 
brought the site October because additional tractors were obtainable. 
The soil conditions made these scrapers useless since the ground was too hard 
cut without the help double bulldozers and the slightest rain eliminated all 
traction. The additional equipment was then used chiefly for spreading gravel 
from stock pile and other comparatively easy excavation. 

Drainage ditches road junctions, and across paved plazas, 
were connected concrete drain pipe. The size pipe varied from in. 
in., the average diameter being in. Small sizes were laid with open 
joints and trenches were backfilled with broken stone and large gravel. The 
total length all drain pipes used was 71,000 ft, with about 10,000 tons 
stone Maximum production pipe laying was 25,600 October, 
about half which was laid trenches dug back hoes; the remainder was 
laid sections open ditches prepared the road gang. both Septem- 
ber and November more than 15,000 pipe was laid. 


AND THEIR (SPECIFICATION REQUIREMENTS) 


Pavement Design.—The general schedule for road construction planned all 
permanent road work for September, October, and November permit the 
buildings, railroads, and subsurface utilities have good start June, July, 
and August. Although the size the project was almost doubled, extra 
time for road construction was possible because weather conditions. Some 
work was performed December, but about third the final road surface 
was postponed the following spring. 


All pavements were placed above subbase stabilized gravel. 
There were three pavement classes: 


Primary main roads, consisting in. gravel, wide the top; 
3-in. stone base, with RT-12, wide the bottom; 
binder course and 1-in. wearing course plant mixed tar concrete, wide; 
and 6-in. gravel shoulders, wide each side. 

Secondary roads, paved for single-lane traffic with the six assembly 
areas wide, consisting 6-in. gravel subbase; prime coat (0.4 gal per 
yd) RT-3, allowed soak in; tack coat (0.25 gal per yd) RT-2, 
RT-3; and 14-in. binder course and wearing course plant mixed tar 
concrete. the narrow roads, gravel shoulders were wide each side. 

Tertiary pavement paths and light traffic areas, consisting 6-in. 
gravel subbase; prime coat RT-3 (0.4 gal per yd); and 1}-in. 
course (rolled with “pup” roller) plant mixed tar concrete. 


All subgrade excavations were crowned, allowing for final 3-in. crown the 
22-ft-wide roads. discourage high speeds, superelevation was provided 


The foregoing designs were agreed upon late July, after alternate 
estimates cost and labor requirements eliminated the possibility concrete 
roads, and material controls prohibited the use asphalt any 
Subbase subbase gravel deliveries averaged more than 2,500 
with maximum deliveries about 4,500 per day October, that 


Military Forward ASCE Manual Engineering Practice No. New York, Y., 
1941, ; p. 10, Table 1 
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stock pile more than 32,000 tons was ready for use when weather slowed 
both gravel production and trucking. 
Bids had been asked for the following items: 


Run-of-bank gravel, maximum size in., with more than 30% passing 
the }-in. screen; 

Run-of-crusher limestone-dolomite, passing 2}-in. screen dust; 

Run-of-crusher hard shale, passing screen dust, and 
quality that will not weather soften when exposed air; and 

Slag from industrial furnaces, all passing screen. 


Each vender was agree furnish 50,000 and deliver rate 
2,000 per day hours. theoretical preferred specification was 
prepared follows: 


Sieve size Passing weight (%) 


The fraction passing the No. 200 mesh was specified between and 15%, 
less than half the fraction passing the No. mesh. The binder includes 
any blended binder passing No. mesh with liquid limit less than and 
plasticity index less than 

Actually, local field inspectors roughly checked the production each pit 
and the acceptability the gravel shipped was determined the men placing 
into the subbase. Considerable gravel from different sources was blended 
the site reduce the necessary blading and rolling, for proper compaction. 

The cost varied from $1.45 per $1.75 per delivered the site, 
measured trucks upon delivery. the previously developed pits were 
depleted, prices went compensate for the purchase land and for stripping 
and exploratory expenses. Hauling costs remained stable during the entire 
period approximately per cu-yd mile hauled, with allowance for the 
return trip. Practically every available truck within miles the station 
was employed this haulage, subcontractors the gravel venders. 

main and secondary road areas, layer fine sand was first spread, 
from in. in. thick, seal the clay, before placing the gravel unless the 
gravel delivered contained surplus fines. the first training area built, 
the subgrade was covered with straw cut from the area. This straw was laid 
about in. in. high and the gravel was dumped it. Objections this 
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procedure resulted the change the fine run-of-bank silty sand screen 
the clay subgrade. Inspection one the earliest roads built, after year 
use and after years use, indicated that the straw had served its purpose. 
clay had worked through any these roads. The other roads, with the 
sand screen, also stood very well; curves, grades, and crown remained 
excellent shape. The volume the sand used included the quantities 
listed gravel. The satisfactory behavior the subbase partly explained 
the screen layer placed the subgrade. Shoulders gravel remain 
good shape (Fig. although weed growth was not controlled. 

Stone contractor began work the stone base and penetration 
September 1942 (Fig. 5). The stone used was crushed dolomite, delivered 
rail and distributed from the siding trucks. The grading specification 
required: 100% passing 2}-in. screen, 90% 100% passing 1}-in. screen, 
and 15% passing screen. After spreading and rolling the 
desired crown, hot tar (RT-11 RT-12 depending upon air temperatures) 
was applied pressure distributers, 1.25 gal persq yd. The surface was then 
covered with per from }-in. stone stone, rolled, and broom 


dragged until the base stone was well chinked. This was followed second 


application hot tar (0.50 gal per yd) and the surface was covered with 
totals were from 330 335 stone and 1.75 gal tar per yd. 

After week trial, was found expedient apply the stone base two 
layers, which reduced the total rolling time. November 20, the tar was 
changed RT-10 because low temperatures, and work continued through 
most December. The original plan was allow interval least 
week between the completion the gravel subbase and the application the 
stone. After November (with freezing weather starting October 27), 
with the danger rain freezing within the gravel, the stone was applied soon 
after the gravel had been shaped. This required some extra stone, since 
traffic had usually pounded out some depressions the gravel subbase which 
were refilled with stone. 

Total amounts used approximated 60,000 tons No. 3-A stone; 10,000 tons 
No. stone, No. 1-A stone, and No. 1-B stone; 1,000 tons No. stone for 
drains shoulders; and almost 700,000 gal tar (RT-12, RT-11, and RT-10). 

typical gang consisted men with spreader boxes, rollers, and 
shapers, and they used about 400 tons stone cover 900 road 
wide. full speed, five gangs were operating. Stone was delivered the 
work trucks, and cranes unloaded the cars. The stone cost 27¢, the 
placing cost 70¢, and the tar cost 21¢ per base. The stone delivered 
the site cars cost $1.68 per ton. 

Black-Top Pavement.—A premixed tar concrete test road section, 
250 long, was laid gravel subbase test the feasibility this material 
for the intended traffic. Even though base was laid down, heavy trucking 
did not seriously damage the test strip. Upon deciding use tar mix (asphalt 
was not available), was imperative move suitable plant the site. Ap- 
proximately 75,000 tons were required and the congestion traffic the 


el 

m 
0 
a 
c 


ROADS AND PAVEMENTS 1075 


access roads would seriously handicap any attempted delivery schedule hot 
mix from locations outside the station. 

Fortunately, complete premix plant, built 1941, and used for only 1,000 
tons was located, and was moved bodily the site. contractor was 
engaged produce all binder and top course material $7.65 per ton complete 
place. This price covered all materials, equipment, and labor, except that 
railroad siding was provided the contractor without charge. About 
men including truck drivers (the average haul distance was miles) were 
employed the plant. 

The plant was integrated mixing unit with feed bin and reciprocating 
feeder. Two aggregate driers, equipped with oil burners and cyclone dust 
collector were set tandem, with hot and dust elevators. Screens the 
mixing tower unit were in., and The mixer was 4,000-lb- 
capacity twin pug mill, equipped with aggregate batch scale and 
tar bucket scale. Storage aggregate was 50-ton bin with four 
compartments. Tar storage was tank cars with 10,000-gal reserve storage 
tank. Steam generated 150-hp locomotive steam boiler was used the 
tar heating kettle and the jackets surrounding the tar lines and mixer box. 
The mixing cycle, electrically controlled, was sec, including dry and wet mix. 
Temperatures the mix leaving the plant were from 180° 200° for the 
binder and from 200° 230° for the top course. Plant production aver- 
aged 100 tons binder and tons top course per hour. 

The tar concrete was mixed, laid, and rolled according New York State 
Highway The specification for binder and top course were 
conformity with the following limitations: 


Passing screen size Binder course Top course 
(%) 


The aggregate sizes used the mix were New York State highway desig- 
nation and were the following description: 


The No. No. and No. 1-A sizes, which were limestone, well the 
stone, sand, limestone screenings, were shipped rail. The sand was 
trucked from pit miles distant. The proportions each aggregate 


were set provide dense, impervious, surface course, retaining nonskid 
features. 


Lay Tar Concrete Pavement—Two Course Mixing Method—Type 6," 
State Highway Specification, Albany, 1939. 
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The mixing formulas, adopted after some trial proportions were laid and 
modified, were follows (Table 1): 


BINDER TO Binper AFTER 


sieve: 


The tar binder used was RT-12. the weather became colder, RT-11 
was substituted for Check analyses were made daily samples 
from the bins and the mixed product. Where was not possible, due 
construction scheduling, cover the binder course within days, the binder 
mix (Col. Table was changed. This denser binder mix withstood con- 
struction traffic better than the more open mix. The better practice cover 
the binder course the same day with top mix, but order keep traffic flowing, 
and avoid changing from binder mix top mix the plant during the middle 
the day, the binder course was left uneovered for periods long days 
more some few instances. When cold weather arrived all the binder was 
the denser mix. 

Tar mix production began September and closed down December 
for the winter, after 40,000 tons had been placed. illustrated progress 
report this work this period was published‘ January, 1943. The plant 
was opened again May and completed the remaining 35,000 tons the 
middle July, 1943. first the work progressed 10-hour day, 7-day- 
per-week basis, and changed 12-hr day, partly after nightfall. Only the 
binder mix was laid under artificial light. Production 1,300 tons 12- 
day was not unusual. 

The Navy’s order stop all binder placing when the temperature fell 
below 32° and top course when was below 35° was only generally followed. 
The mean recorded temperatures were 54° for October (with more than in. 
snow) and 41.7° for November (with almost in. snow and days with 
precipitation greater than 0.1 in.). With below zero weather early De- 
cember, was impossible continue the surfacing. 

The contractor placed the tar mix using paving machines spread and 
finish the surface. The mix was fed from dump trucks into the hoppers the 
paving machines which pushed the trucks ahead. Additional equipment 
used included rollers, trucks, grader, bulldozers, power broom, and 
gang broom. About men were used for this work. 

Construction Methods, January, 1943, 62. 
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+a renee in. 60 2,400 sane tk 
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Surfaces were rolled with 10-ton 12-ton, 3-wheel rollers, 8-ton 10- 
ton tandem rollers, produce compression 250 per in. tread width. 
Surface tolerances were in. from crown template and in. from 10-ft straight- 
edge parallel the axis the road. was pointed out the vender the 
middle October that tar mix was being placed with air temperatures far 
below the 50° limit specified the State Highway Department and 
that the base was often rather soft condition. many cases, 2-ton roller 
was used for compacting the base course prevent undue deflections, especially 
when work was continued immediately after heavy rains. times, the 
spreader had pulled forward the trucks delivering the mix (instead 
the spreader pushing the trucks) pass through soft spots. spite all 
these conditions, the road surfaces held very well, the gravel subbase drained 


» 


Bids 


out the excess moisture, and the roads were used for years with practically 
maintenance. illustration the pavement surfaces photographed 

Theoretical yield was 7.0 per ton compared with actual yield 
about 6.5 yd. The binder course in. compacted gave 10.93 per 
ton and the topping course in. compacted gave 15.61 per ton. The 
density the top mix, tested from samples place, was 141.1 per ft. 
The yields include the losses material soft spots and the filling ruts 
the stone base from traffic. The total cost primary pavement surface was 
per yd. 

Concrete Pavement.—Concentrated trucking and vehicle servicing was ex- 
pected the warehouse and repair shop areas and pavements were designed 
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with concrete surface. Concrete design was specified accordance with the 
State Highway (1939) requirements for plain concrete, permitting 
crushed gravel coarse aggregate. Cement content was bags Portland 
and bag (80 natural cement per yd. With water content 5.5 
gal per bag cement, the slump was held to2in. When the central concrete 
plant was not being run full capacity the other operations, transit mix 
concrete was used for road construction. prevent stoppage work, 
small batch bin was set and paver mixer, with cement bags, was used 
maintain continuous concreting. reinforcement was used the 6-in.- 
thick slab, with transverse joints filled with cane asphalt premolded strips, 
in. in., and transverse dummy joints in. deep spaced not more than 
apart. 

About 50,000 concrete was placed before cold weather 
forced change black-top pavement for the remainder the area. Water 
for the mix came from Seneca Lake and during the period water main steril- 
ization with chlorine, very rapid setting the concrete mix was noted. With 
residual ppm chlorine the water, concrete had spread and 
finished within min mixing, even with air temperatures between 45° 
and 55° Little surface spalling was found this concrete paving after 
years use and exposure. Paved surfaces were cured with straw covering 
and the work was done experienced concrete road gang. 


PERSONNEL AND ACKNOWLEDGMENT 


All work was under the direction Capt. Gebhard, ASCE, (CEC), 
Navy, with the firm Shreve, Lamb and Harmon associated with Gilmore 
Clarke, ASCE, Michael Rapuano, and Malcolm Pirnie, ASCE, 
architect-engineer. The planning the roads and pavements was assigned 
Ralph MacDonald Mr. Clarke’s office. Contractors were the John 
Johnson Contracting Company and the Mount Vernon Contracting Company. 
The latter firm executed all road construction work. The Dale Engineering 
Company supplied the complete premix plant for the construction the black- 
top pavement, including the production all binder and top course material. 
The material, equipment, and labor for the stone base tar mix and penetration 
phase the construction were supplied Blades Company the sub- 
contractor for the Dale Company. The writer was site project manager 
direct charge the performance all site work operations. Pavement con- 
struction planning and performance was directed Richard Halton, super- 
intendent paving. 

Acknowledgment made the able assistance Phelan, Assoc. 


ASCE, the Koppers Company, Incorporated, the planning, design, and 
control the tar concrete mixes. 
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DISCUSSION 


Assoc. ASCE.—The design and construction the roads 
and pavements the Sampson Naval Training Station New York are treated 
clearly and concisely this paper. those engaged bituminous mix 
design, the inspection and control bituminous mixing plants, might 
interest discuss more fully the design the tar concrete mixtures and 
compare these design mixes with those actually obtained. 

Based gradations the aggregate materials available the stone quarry, 
the sand pit, and the mixing plant stock piles, the aggregates were fed into the 
premix plant the proportions shown Table The batch mixing formulas, 
based the gradations ma- 


terials the hot aggregate 
storage bins the plant, were 
shown Table Listed 


TABLE 2.—AGGREGATE PROPORTIONS 
THE PREMIX PLANT 


Nominal Binder 


Table are the preliminary Material 

binder and top course design 

gradings, together with the ac- Public Works Size: 

data Table 3(a), for the 100 100 


binder course refer the denser 
binder mix used after November 19, 1942 (see Table 1). 

Study the data Table shows that the average mix gradings obtained 
1942 and 1943 were very close the preliminary design gradings. also 
indicates that the variations gradation from the average were quite small, the 
actual gradation ranges being quite narrow. The average mix gradings, based 
daily analyses aggregate samples from the plant bins, together with the 
tar concrete specification limits, are plotted Fig. interest note 
that the average mix gradings for the two seasons are practically identical. 

somewhat novel the writer’s experience find premix project 
this size (75,000 tons) where the preliminary mix designs (based samples 
aggregates from the quarry and the pit stock piles) were closely adhered 
after the aggregates had been loaded into trucks rail cars, transported the 
mixing plant site, unloaded stock piles, proportioned into the plant feeder, 
dried, and then screened into the various plant hot storage bins. also 
somewhat unusual find premix plant producing mixtures such uniform 
gradation throughout 5-month construction schedule the rate more than 
100 tons per hr, especially where three four aggregates are being propor- 
tioned into the plant. The results are indicative efficient plant operation 
and competent inspection. 

Fig. indicates the type traffic which much the pavement has been 
subjected. This view, taken when the pavement was more than years old, 


Engr., Road Material Section, Tar Products Div., Koppers Co., Pittsburgh, Pa. 
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shows practically distress after constant subjection heavy loads; quick 
starting, stopping, and turning traffic; oil, grease, and gasoline drippings; 
The base this area was especially soft the time when the two courses hot 
lay tar concrete were placed. Immediately front the warehouse doors, 
several cracks wide in. and deep in. were visible the pavement 
when construction was stopped December, 1942. The base had been too 
soft for adequate compaction under the roller and the mix had cracked when 
additional rolling was attempted after the mix had cooled. However, under 


Openings in Millimeters 


Percentage Passing 


SJ 


1942 
U.S. Standard Sieves and Square Screens 


traffic these healed and have not subsequently reappeared. The 
writer had occasion inspect this project January, 1950, after years, and 
found the roads and pavements good condition, with little maintenance 
any kind required. Similarly, over large tar concrete paved area the 
Navy Fire Fighters’ School Sampson, the surface was subjected oil, grease, 
and gasoline spillage, water from high pressure hose lines, and intense heat from 
mock fires. Although the base was too soft the time con- 
struction obtain satisfactory compaction under the roller, the mix was still 
good condition after years use—and years nonuse. 

Fig. shows part the pavement inside one the six training areas. The 
primary road paving seen the foreground with paved assembly ares 
across the center the picture—the two pavements being separated curb 
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made with tar concrete surface course mix. Immediately behind this paved 
drill area part 15-acre sodded drill field. 

Fig. close-up the road surface the foreground Fig. showing 
its condition after years use. The pavement appeared about the 
same indicated this view when inspected January, 1950. Although 
almost years old, this pavement appears have several years before 


TABLE 3.—Tar Concrete (PERCENTAGE 


1942 1943 


Specifi- 
cation 
AcTUALLY OBTAINED? Optatnep? limits, 
Prelim- Prelim- hot lay tar 
Range Average Range Average 


(3) (4) (6) (7) (8) 


(a) 


100 100 100 100 100 100 100 

No. 66-79 66-80 55-80 


35-65 


14-34 


No. 200... 5-15 


* Based on samples from quarry and plant stock piles. 
analyses plant bin samples. 


* Actual mix gradations computed from daily 


any appreciable maintenance will required. were decided reopen the 
Naval Base for full-scale operation, surface treatment might indicated 
enrich the surface the pavement. 

This paper excellent, complete story the design and construction 
the paving the Sampson Naval Training Station where unfavorable soil con- 
ditions, shortage local aggregates, and severe weather conditions were over- 
come provide permanent roads, paved walks, and training areas for Navy 
personnel. The speed and economy with which the paving was completed are 
indicative the care exercised the planning and construction. The ex- 
tremely low maintenance date points the adequacy the designs adopted. 


mi: 
als 
Passing 
sieve: 1D 
| | | 
(1) (2) 
| 
100 100 100 100 100 100 
1 ses 99 99-100 100 98 95-100 97 70-100 
natn 79 74-84 78 74 73-80 78 oka 
53 54-68 58 53, 48-60 56 20-60 
een 29 31-38 34 35 30-44 37 piles 
No. 4... 13 12-20 16 16 12-20 15 5-20 
No. 10... . 6 3-7 5 6 
Tor 
No. 10... 45 56 51 53 46-60 52 owes 
No. 20... 30-40 29-40 
No. 40... 17-24 19-25 
No. 60... Spee 16 12-16 15 
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ASCE.—Both the additional technical data the actual 
mixes produced and the more recent physical inspections the tar mix pave- 
ments contributed Mr. Phelan increase the value the paper possible 
guide similar future projects. One the more unusual pavements (which 
also was part this same project) consisted some 4,000,000 sod, 
which was produced off the site, laid all ready for use months. 
The methods employed and some indication costs have been published 

Completion work such unprecedented when time does not 
permit any research fill gaps information, requires the closest coopera- 
tion between technician, designer, and contractor. The writer wishes give 
credit all those who contributed the successful accomplishments described 
the paper. 


* Cons. Engr., New York, N. Y. 
7Sod,”’ by Jacob Feld, Roads and Streets, April, 1948, pp. 84-86, 98, and 126. 
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TRANSACTIONS 


Paper No. 2418 


STREAM FLOW VARIABILITY 


index stream flow variability suggested, the form the standard 
deviation the logarithm the stream discharge. The method determining 
the index described and the values from the flow records large number 
streams the eastern part the United States were obtained. The possibi- 
lities using this index estimating the duration curve the stream flow, 
where flow records are short nonexistent, indicated. 

study the indexes, together with the conditions the respective water- 
sheds, demonstrated that the northeastern quarter the United States the 
geology (including soil cover) and the presence lakes and swamps are the 
most important factors stream flow variability during the greater part 
the time and that the other factors have relatively smaller effect. This paper 
condensation more detailed paper, copy which deposited the 
Engineering Societies Library where may examined, from which 
copies microfilms may secured. 


Tue Purpose STREAM VARIABILITY INDEX 


The variability the flow stream has long been recognized im- 
portant factor the suitability the stream for various purposes, such 
water power and water supply. Hydrologists have recognized that the flow 
certain streams varied greatly and that others was very uniform, but 
generally accepted method has been evolved indicating the degree 
uniformity variability quantitative way, that two streams could 
compared with each other with respect this characteristic. believed 
that there need such index, and that satisfactory one developed 


Nore.—Published September, 1949, Proceedings. Positions and titles given are those effect 
when the paper discussion was received for publication. 

Hydr. Consultant Chf. Staff, Bureau Reclamation, Denver, Colo. 

Prof., Univ. Kwangsi, China. 
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will found have considerable usefulness analyzing hydraulic engineer- 
ing projects, especially countries where stream flow records are meager. 

reducing the variability flow single number possible, from 
comparison the values obtained for large number streams, study the 
influence the various factors such geology, soil cover, lakes and swamps, 
steepness topography, position streams with respect synchronization 
peaks, and vegetation and rainfall, and thus clarify greatly the fundamental 
relations stream flow. also possible produce synthetic duration 
curves with few data, which will useful studies hydraulic engineering 
projects. 


Since the duration curve stream discharge showed the extent the 
variation flow the stream, appeared probable that the best index 
flow variability would based upon this curve. The usual form duration 
curve stream discharge that shown Fig. which plotted, ordinary 


per Sq Mi 


Daily Discharge. in Cu Ft per Sec 
Daily Discharge, in Cu Ft per Sec 


0.1 
Percentage of Total Time Percentage of Total Time 
Duration 


coordinates, curve showing the percentage the total time covered the 
flow record during which the stream discharge was less (or greater) than the 
various discharge values. This form curve appears have been first de- 
veloped the United States the late 1880’s early 1890’s and has been 
extensively used water power and other 

When ordinary coordinates are used for duration curves Fig. order 
fit them sheet reasonable size, the discharge scale usually such that 
the low flows cannot read accurately. This can remedied plotting 
the discharge logarithmic scale, shown Fig. still better presen- 
tation has been suggested the late Allen ASCE, who plotted the 
curves his logarithmic probability paper and secured curve which, for the 
greater part the total time, closely followed straight line, shown Fig. 
departs from the straight line the ends, but for only small part the total 
time, although, because the distortion the scale the probability plotting, 
this small part the time covers large proportion the space the graph. 


Alden Foster. Transactions, ASCE, Vol. 99. 1934, 1213. 


tbid., Vol. 98, 1933. p. 1276. 


Journal, Boston Soc. Civ. Engrs., March, 1916, 77, and June, 1916, pp. 299-303, and pp. 
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stream with very uniform flow will produce curve with little slope, 
shown curve Fig. and variable stream will give rise curve 
considerable slope, shown curve The steepness the slope can 
used measure index the flow variability. 


Daily Discharge, in Cu Ft per Sec per Sq Mi 


Percentage Total Time 


Dana ASCE, seems have been the first suggest that 
the flow characteristics streams could studied comparing their duration 
curves. Other studies this field were made ASCE, 
Thorndike Saville and Members, ASCE, and 
large extent the writer’s idea was obtained from the work Krum- 
and Otto" the field sediment particle analysis. 


Transactions, ASCE, Vol. 1922, 106. 


Power Barrows, McGraw-Hill Book Co., Inc., New York, 
ist Ed., 1927, p. 128. 


Investigation the Flow-Duration Characteristics North Carolina Thorndike 
and John Dargan Watson, Transactions, Am. Union, Vol. 14, 1933, 406. 

***Flow-Durstion Characteristics of Illinois Streams,” by J. H. Morgan, ibid., Vol. 17, 1936, p. 418. 

%***Manua!l of Sedimentary Petrography,’’ by W. C. Krumbein and E. J. Pettijohn, D. Appleton- 
Century Co., Inc., New York and 1938. 

Modified Logarithmic Probability Graph for the Interpretation Mechanical Analysis 
Sediments,” Otto, Journal Sedimentary Petrology, August, 1939, 62. 
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These men applied statistical methods the analyses particle size data 
and obtained index size variation which has been widely adopted the 
field sediment studies. The writers have used the same procedure and 
have adopted the standard deviation the logarithm the discharge the 
index stream flow variability. 

The application statistical methods the analysis hydrologic data 
has been extensively studied Mr. the late Standish 
and Jun. ASCE. Although many valuable ideas were revealed 
these studies, the development index stream flow variability does 
not appear have been considered. The logarithmic probability paper 
developed Mr. Hazen his first was used extensively this study, 
however. 

discuss both the statistical theory underlying the stream flow variability 
index herein proposed and also its application hydraulic problems would 
extend this paper beyond reasonable length. Those interested the statis- 
tical theory will find treated length the papers cited herein well 
numerous texts statistics. the development this paper various phases 
the mathematical theory were studied but they proved unimportant 
the main theme the paper they have been omitted. 

For those who are not familiar with statistical theory, may explained 
that the standard deviation the index used the statistician indicate 
the magnitude the variation quantity that fluctuates. Where the value 
the index high, the variation great; and, where the index low, the 
variation Many civil engineers are familiar with this from its applica- 
tion triangulation and base line measurement, where the standard deviation 
known the “root mean square 


DETERMINING VARIABILITY INDEX STREAMS THE UNITED STATES 


develop the possibilities index stream flow variability all avail- 
able data duration curves streams the United States east the 100° 
meridian were studied. This investigation included more than 220 dis- 
charge measuring stations but they are located mostly the northern portion 
this section. These data were drawn from large number sources, mostly 
from reports various states the flow their steams prepared coopera- 
tion with the Geological Survey (U.S.G.S.) the United States Department 
the Interior. The duration curve data were based mean daily flow. Only 
records 10-year duration more were used, and only streams which 
artificial control was absent, not important factor, were studied. 


Provided Impounding Reservoirs for Municipal Water Supply,” Allen Hazen, 
Transactions, ASCE, Vol. LXXVII, December, 1914, p. 1539 


Allen Hazen, John Wiley Suns, New York, Y., 1930. 


Probable Variations Yearly Run-Off Determined Study California 
Standish Hall, Transactions, ASCE, Vol. LXXXIV, 1921, 


Frequency Curves and Their Application Problems,” Alden 
Foster, ibid., Vol. 1924, 142. 


Asymmetric Probability Function,” Slade, Jr., ibid., Vol. 101, 1936, 
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the early part these studies, graphical methods were used entirely; but 
was found that, for curves giving high index, was not possible, eye, 
make determination that was certainly free from considerable effects in- 
troduced variations personal judgment. order have all the data 
reasonably accurate and uniform basis, numerical method was used. 
From the duration curve plotted, the values discharge 10% intervals from 
95% the time were read off. The logarithms these discharges 
were then found and the standard deviation these logarithms (which the 
writers’ variability index) was then computed (1) taking the mean these 
logarithms, (2) computing the difference each the ten logarithms from this 
mean, (3) squaring these differences, (4) taking the sum the squares, (5) 
dividing and (6) taking the square root this value. 


Factors AFFECTING THE VARIABILITY INDEX 


1936, Mr. enumerated seven factors that affect the distribution 
stream flow—topography, arrangement tributaries with regard time 
concentration surface flow, geologic structure, soil, vegetation, weather, 
and human developments related flow water. believed that these 
factors are the main ones controlling the flow, but some them have been 
found more important than others. Since streams which human 
developments have materially affected stream flow have not been included 
this study, this factor does not enter. the discussions the results 
obtained this paper, geologic structure and soils will rarely considered 
separately, but will both included under the term “geology.” 

The influence these factors, discussed this paper, refers the flow 
the streams under the ordinary conditions and includes the effects for the 
greater proportion the time. These effects may may not the same 
the effects the same factors the flow streams during large floods 
extreme droughts which usually occur less than the total time. 


VARIABILITY INDEX DETERMINATIONS 


The results the variability index determinations for the 224 streams 
investigated, together with data the drainage area, years record, mean 
discharge, and source the duration curve data, are presented Table 
These results can best discussed dividing them into the states which 
the gaging station the stream located. 

Variability indexes were obtained for stations located Iowa (Table 
The values the variability index for the streams located principally 
Iowa varied from 0.94 land drained usually rolling, without 
great differences elevation, and mostly underlain with sedimentary rocks. 
There are few lakes. One the surprising results obtained was the low varia- 
bility found the regions greatest relief. This believed explained 
the storage capacity available the deeply incised porous strata this region. 

The results the thirty-nine determinations Wisconsin (Table 
follow definite pattern. The streams the relatively rugged region the 
southwestern corner the state gave low values from 0.15 0.26, similar 
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TABLE INDEX DETERMINATIONS FOR 224 STREAMS 


n 
River Station (sq record bility per sec 
miles) index per 
mile) 
(2) (3) (4) (6) 


(a) Streams ww lowa 


Big Sioux Akron 


1 8.891 | 1935-1943 | 0.65 0.077 
2 | Nishnabotna Hamburg* 2800 | 1929-1942] 0.58 0.238 
Des Moines Boone 5.490 0.64 0.278 
Raccoon Van Meters 3.410 1933-1943 0.58 0.218 
5 | Des Moines Des Moines 6.818 | 1933-1942 | 0.63 0.267 
Des Moines Ottumwa 13.200 0.59 0.246 
Des Moines 13.900 1903-1927 0.50 0.382 
Mississippi Keokuk 119.000 0.25 
9 | Skunk Ames 320 | 1934-1943 | 0.94 0.350 
10 | Skunk Coppock 2,890 | 1913-1928} 0.53 0.495 
11 | Skunk Augusta 4.290 | 1915-1928] 0.54 0.502 
13 | Iowa lowa City* 3.230 | 1908 1927 | 0.49 0.457 
14 | lowa Wapelloe 12,480 | 1915-1927 | 0.38 0.489 
15 | Cedar Mitchell 845 | 1934-1942 | 0.39 0.341 
Lime Creek Mason City 535 1934-1943 0.63 0.343 
17 | Shellrock Clarksville¢ 1,700 | 1915-1927 | 0.46 0.363 
18 | Cedar Janesvillee 1,660 | 1915-1927 | 0.38 0.407 
Cedar Cedar 6.640 1903-1940 0.36 0.442 
Wapsipinicon Independence 1,060 0.64 0.442 
22 | Yellow Ton 224 | 1935-1944 | 0.35 0.553 
Turkey Garber 1,530 1934-1943 0.44 0.526 
24 | Little Maquoketa Durango 130 | 1935-1944 | 0.39 0.579 
Maquoketa Maquoketa 1,550 1913-1933 0.29 0.606 
(b) Streams In WISCONSIN 
1 | St. Croix Danbury* 1,550 | 1915-1942] 0.19 0.761 
2 | St. Croix Grantsburg* 2,820 | 1926-1942] 0.24 .705 
3 | Namakagon Trego* 433 | 1915-1927/| 0.14 0.933 
4 | St. Croix Rush Citys 5.120 | 1926-1942] 0.31 0.583 
7 | Jump Sheldons . 510 | 1916-1942 | 0.62 1.040 
8 | Tomahawk Bradley 422 | 1915-1927 | 020 1.014 
Red Cedar Menominie* 1,760 0.25 0.678 
12 | Chippewa Durand¢ 9,010 | 1929-1942] 0.29 0.879 
13 | Eau Claire Augusta‘ 500 | 1915-1926] 0.53 0.728 
14 | Black Neillsvillee 756 | 1915-1942/ 0.60 0.783 
15 | Rib Rib Falls* 309 | 1926-1942] 0.71 0.982 
Eau Claire 326 0.38 0.819 
17 | Embarras Embarras* 395 | 1920-1942] 0.35 0.764 
18 | Wolf Keashena Falls¢ 812 | 1914-1942/| 0.20 0.958 
19 | Oconto Gillette 678 | 1915-1942} 0.26 0 891 
Peshtigo High Falls¢ 571 0.36 0.871 
21 | Pike Amberg* 250 | 1915-1942) 0.25 0.932 
22 | Menominee Grand Rapids’ 3,790 | 1911-1929 | 0.29 0.897 
23 | Black Galesville* 2,120 | 1933-1942 | 0.44 0.839 
24 | La Crosse West Salem¢ 412 | 1915-1942] 0.18 0.724 
25 | Little La Crosse Leon* 77 | 1935-1944 | 0.15 done 
27 | Waupaca Waupaca* 305 | 1917-1942/ 0.15 0.830 
28. | Little Wolf Royalton* 485 | 1915-1942) 0.29 0.882 
Wolf New 2,240 0.28 0.820 
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TABLE 


Sta- rainage 
4 eriod of (cu ft 
miles per 
mile) 
(1) (2) (3) (7) 
(6) Srreams mm Wisconstn.—(Continued) 
Kickapoo Gays 1915-1933 0.21 0.696 
32 | Wisconsin Muscodas 10,300 | 1915-1942) 0.26 0.856 
Rock 1932-1942 0.68 0.401 
Cedar Creek 1931-1942 0.70 0.485 
Milwaukee 1915-1942 0.48 0.614 
37 | Grant Burton¢ 1935-1944 | 0.25 ge 
Sugar 1915-1942 0.24 0.655 
(c) 
Pecatonica 1914-1928 0.26 0.766 
2 | Fox Algonquine 1915-1933 | 0.39 0.614 
3 | Rock Lyndone 1914-1928 | 0.30 0.694 
4 | Des Plaines Lement? 1915-1933 | 0.72 0.657 
Vermilion 1915-1930 0.96 0.611 
Kankakee Custer Parke 1915-1923 0.42 0.640 
10 mon Riverton 1908-1933 | 0.77 0.696 
Sangamon 1909-1933 0.76 0.763 
12 | Vermilion Danvillee 1919-1933 | 0.73 0.566 
13 | Macoupin Creek Kanes 1921-1933 | 085 0.721 
14 | South Fork Kincaide 1917-1933 | 089 0.824 
Kaskaskia 1908-1933 0.70 0.753 
Embarras St. 1910-1933 0.69 0.823 
17 | Little Wabash Wilcoxe 1915-1933 | 0.87 0.712 
Skillet Fork Wayne 1909-1933 1.09 0.940 
19 | Big Muddy Plumfielde 1915-1933 | 1.01 1.021 
Cache 1923-1933 1.02 1.400 
(d) 
Maumee Waterville* 1921-1940 | 0.79 0.671 
Sandusky 1923-1940 0.63 0.702 
Rocky Berea* 1923-1935 | 0.81 0.948 
Grand Madison* 1922-1940 | 0.89 1.053 
Ashtabula 1924-1940 1.17 1,144 
Conneaut Creek Amboy* 1922-1935 0.79 1.225 
Maumee 1921-1940 0.56 0.744 
Auglaize Defiance* 1915-1935 | 073 0.696 
Auglaize Fort Jennings* 1921-1935 | 0.56 0.883 
Blanc Findlay* 1923-1935 0.79 0.656 
Ottawa Allentown* 1923-1935 0.62 0.684 
Sandusk Upper Sandusky* 1921-1940 0.75 0.833 
Jerome Fork Jeromesville* 1925-1939 | 0.63 0 883 
Cuyahoga Old Portage* 1921-1940 | 0.43 1.071 
West Branch, Mahoning Newton Falls* 1926-1939 0.55 0.939 
Niles* 1929-1939 1.11 0.748 
Youngstown 1903-1939 | 0.53 0.914 
1921-1939 0.69 0.784 
Greer* 1921-1939 | 0.46 0.937 
Millwood* 1921-1939 | 0.49 1.023 
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Mean 
: area eriod varia- cu ft 
River Station (sa bility per sec 
miles index per 
mile) 
(2) (3) (4) (6) (7) 
(d) 
22 | Tuscarawas Newcomerstown 2,439 | 1921-1939 | 0.47 1.007 
23 | Tuscarawas Dover* 1,398 | 1923-1939 | 0.43 1.000 
24 | Sandy Creek Sandyville* 481 | 1923-1939 | 0.41 1.065 
Little Beaver Creek East 505 0.57 1.020 
26 | Stillwater Englewood* 646 | 1925-1939 | 0.56 0.904 
27 | Miami Taylorsville* 1,155 | 1914-1939 | 0.54 0.846 
Miami Dayton* 2,513 0.44 0.921 
Mad Dayton* 632 1914-1939 0.30 1.050 
Scioto Columbus* 1,624 0.62 0.843 
Alum Creek Columbus* 190 0.65 0.868 
34 | Big Walnut Creek Rees* 544 | 1921-1939 | 0.64 0.917 
Licking Toboso* 672 1921-1939 0.50 0.992 
Muskingum McConnelsville* 1921-1939 0.48 0.791 
38 | Twin Creek Germantown* 275 | 1914-1939} 0.61 1.045 
Darby Creek Darbyville* 533 0.65 0.818 
Deer Creek 331 1926-1939 0.67 0.867 
Hocking Athens* 944 0.55 1.088 
45 | Whiteoak Creek Georgetown* 221 | 1923-1935 | 1.00 1.150 
St. John Fort 5,690 0.46 1.73 
2 | Fish Fort Kent‘ 867 | 1929-1941 | 0.43 1.60 
Mattawamkeag 1,400 1913-1941 0.48 1.75 
Piscataquis 286 1912-1941 0.55 2.16 
Kennebec Bingham‘ 2,660 1927-1941 0.47 
7 | Carrabassett North Anson‘ 354 | 1925-1941 | 0.48 1.90 
Sandy 514 1929-1941 0.48 1.72 
9 | Swift Roxbury‘ 95 | 1929-1941 | 0.52 1.94 
10 | Passadumkeag Lowell* 299 | 1915-1941 | 0.36 1.64 
11 | West Branch, Union Amherst‘ 148 | 1929-1941 | 0.58 1.69 
12 | Machias Whitneyville* 465 | 1929-1941 | 0.39 1.37 
East Machias East 251 1927-1941 0.46 1.98 
Roanoke Old 8,280 0.34 0.970 
Cape Fear Lillington* 3,530 0.59 0.876 
3 | French Broad Asheville* 949 | 1925-1935 | 0.26 1.910 
Fishing Creek Enfield* 462 0.47 0.992 
Hiwassee Murphy* 410 0.33 2.056 
Deep Ramseur* 343 0.51 0.991 
8 | Nottel Ranger* 272 | 1925-1935 | 0.29 1.812 
Second Broad Cliffside* 230 1926-1935 0.27 1.264 
Cullasaja Cullasaja* 1925-1935 0.37 2.460 


a 
‘ 


Sta- 

tion River 
No. 

(2) 


Missisquoi 
Missisq uoi 
Lamoille 
Lamoille 
Moose 


Winooski 
Winooski 
Otter Creek 
White 
Black 


Connecticut 

East Branch of Pemigewasset 
Saco 

Pemigewasset 

mith 


Blackwater 
Contoocook 
Ashuelot 
Ashuelot 
Souhegan 


Farmington 

Middle Branch, Westfield 
Westfield 

Manhan 

Connecticut 


Connecticut 

Sip Pond Brook 
Merrimack 
Charles 

Ipswich 


Moss Brook 


Or whe 


D 


Susquehanna 

Muddy Creek 

West Conewago Creek 
Conodoguinet 
Sherman Creek 


Conestoga Creek 
North Bald Eagle Creek 
Clearfield Creek 


Kansas 
Republican 
Blue 
Smoky Hill 
Solomon 


TABLE 1.—(Continued) 
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Drainage 
Station 
miles) 
(3) (4) 


VERMONT 


Richford! 479 
North Troy! 131 
Johnson! 310 
Falls™ 250 
St. 126 
Essex 1,018 
Montpelier* 338 
Middlebury! 628 
West Hartford! 690 
North Springfield! 158 


(h) Srreams New HampsHire 


Orforde 3,100 
Lincoln? 104 
Conway* 386 
Plymouth! 622 
Bristol! 85.8 
Contoocook! 134 
Penacook! 766 
Gilsum! 71.1 
Hinsdale! 420 
Merrimack? 171 


(i) StreaMs In MassaCHUSETTS 


New Boston! 92 
Goss Height! 52.6 
Knightville» 162 
Holyoke 13 
8,390 
8,000 
Winchenden! 18.2 
Lawrence? 4,552 
Walthame 227 
Ipswich! 124 


Wendell Depot! 


(Gj) Srreams In PENNSYLVANIA 


Harrisburg’ 24,100 
Castle Finn 133 
Manchester 510 
Hogestown 470 
Shermans Dale 200 
Lancaster 322 
Beach Creek Station 559 
Dimeling 370 


(k) Srreams Kansas 


45,200 
24.700 
Randolph¢ 9.100 
Ellsworth 7,580 
6,770 


Mean 
Flow flow 
Period varia- (cu 
record bility sec 
index per sq 
mile) 
(6) (7) 


1917-1942 
1932-1942 
1929-1942 
1913-1923 
1929-1941 


1909-1929 
1909-1929 
1911-1944 
1916-1942 
1931-1942 


1900-1915 
1930-1942 
1929-1941 
1904-1942 
1919-1942 


1919-1935 
1930-1941 
1923-1942 
1908-1942 
1910-1942 


1914-1941 
1911-1941 
1911-1920 
1897-1910 
1880-1899 


1911-1920 
1917-1939 
1900-1920 
1932-1942 
1931-1942 


1917-1942 


ANOS 


a 


1890-1936 0.44 1.423 
1928-1938 0.29 1.162 
1931-1941 0.58 1.120 
1931-1941 0.40 1.086 
1931-1941 0.50 1.265 
1926-1941 0.41 1,097 
1931-1941 0.40 
1932-1941 0.58 1.396 


1918-1934 
1919-1933 
1919-1934 
1919-1934 
1920-1934 
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tic 
N. 
1.64 
1.73 
1.66 
1.43 
| Sane 
1.712 
1.67 
1.62 
0.37 0.0443 
0.35 0.0397 
0.39 0.132 
0.50 0.0290 
0.47 0.0435 
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TABLE 1.—(Continued) 


Mean 
Sta- Drainage of Flow 
River Station (sq record bility sec 
miles index per 
mile) 
(1) (2) (3) (4) (6) (7) 
(k) Kansas.—(Continued) 
6 | Neosho Parsons* 4,828 | 1922-1934] 0.76 0.456 
7 | Saline Tescott* 2,820 | 1920-1934 | 0.53 0.0497 
8 | Walnut Winfield 1,894 | 1922-1934 | 0.65 0.290 


Ohio Paducah, Ky. 0.44 
Colorado Austin, Tex. 37,000 0.59 
3 | Tennessee Florence, Ala. 30,800 | 30 years 0.37 1.694 
Coosa Childersburg, 8,390 0.40 1.680 
Choccolocco Creek Jenifer, Ala.* 275 years 0.35 
Locust Creek Trafford, 622 years 0.72 

Delaware Fish Eddy, 875 years 0.47 2.331 
Delaware Trenton, 6,800 years 0.35 1.690 
Hiwassee Reliance, 1,220 years 0.31 2.190 
Etowah Allatoona Creek, 1,100 0.34 2.053 
Roanoke Roanoke, 388 1896-1931 0.39 1.030 
Dan South Boston, 2,730 1901-1931 0.30 1.050 
17 | Elkhorn Waterloo, Nebr. 6,390 | 10 years 0.28 0.108 
Middle Loup St. Paul, 7,320 years 0.19 
Lou Columbus, 14,200 years 0.17 0.164 
St. Clair Below Lake Michigan 0.025 
22 | St. Marys Below Lake Superior 76,136 | 1897-1925 | 0.058 
Muskegon Croton Dam, Michigan 1910-1919 0.22 


Water Resources Water Supply Bulletin No. lowa Geological Survey, Iowa City, 
Towa. Moines River, House Document 682, 71st Cong., Session, Washington. C., 
1931. ¢“lowa River, lowa and Minnesota," //ouse Document No. 134, 71st Cong., 2d Session, Washington, 
D. C., 1930. ¢**Summaries of Yearly and Flood Flow Relating to_lowa Streams,” Water Supply Bulle- 
tin lowa Geological Survey, lowa City, lowa, 1942. Geological Survey, Madison, 
/**Menominee River, Michigan and Wisconsin,” House Document No. 141, 72d Cong., Ist Session, Wash- 
ington, C., circa 1935. Flow Data Dept. Public Works, Springfield, 1937. 
Stream Drainage Areas and Flow Duration Hall and Youngquist, Bulletin 
III, Ohio State Univ. Experiment Station, Columbus, Ohio, May, 1942. Biennial Rept, 
Public Utilities Comm., State Maine, 1941-1942. River, Va. and House Document 
No. 65, Session, Washington, D.C., 1935. Records North Carolina Streams,” 
Bulletin Dept. Conservation and Development, North Carolina, Raleigh, 1938. 
Geological Survey, Boston, Mass. ™‘*Lamoille River, Vt,"" House Document No. 145, 72d Cong.. Ist 
Session, Washington, D.C. * ‘Winooski River, Vt... House Document No. 785, 71st Cong., 3d Session, 
Washington, D. C., 1931. °**Rainfall and Run-Off Studies," by C. E. Grunsky, Transactions, ASCE, 
Vol. 1922, 66. Boston Soc. Civ. Engrs., Vol. Run-Off 
from Rainfall and Physical Adolph Meyer, Transactions, ASCE, Vol. LXXIX, 1915, 


1056. *“*The Drought of 1930 in Pennsylvania,” by J. W. Mangan, Div. of Hydrography, Harrisburg, 

‘Notes on the Hydrology of Kansas,"" Engineering Bulletin No. 20, Univ. of Kansas, Lawrence, 
Kans., 1936. ‘Tennessee Valley Authority. * **Alabama-Coosa Branch of Mobile River System,” House 
Document No. 66, 74th Session, Washington, C., Geological Survey, Mont- 
Ala. Precipitation, Flood, and Reservoir Inst. Hydr. Research, 
owa City, Iowa. * Sixth Annual Rept. of the State Water Supply Comm. of New York, Albany, N. Y. 
Resources Nebraska State Planning Board (revised February, 1941). 
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those the adjacent rough part Iowa. The lake regions the northern 
part Wisconsin also produced low values ranging from 0.14 The 
great moraines the Wisconsin glacier are largely effective producing 
uniform flows, which are indicated the low values 0.15 0.35. The flat 
regions, without lakes moraines, gave rise values 0.53 0.71 
similar regions Iowa. Large variations value occurred within small dis- 
tances, much too small accounted for variations rainfall. The only 
satisfactory explanation seemed surface storage geological conditions. 

Only few the stations analyzed Illinois (Table 1(c)) were affected 
surface storage. The terminal moraines the glaciers, however, exercised 
great influence The areas where lakes extensive 
moraines were not present, but were underlain impervious strata, produced 
high values the coefficient ranging from 0.69 1.09. Illinois, geology 
also seemed the principal cause, although there possibility that rain- 
fall variation may have had some influence producing the high values the 

southern part the 
The stations analyzed Ohio (Table 1(d)) showed results similar those 


Iowa, Wisconsin, and Illinois. The values obtained range from 0.29 


the latter being the highest value found the entire study. One the inter- 
esting developments was the differences the indexes the tributaries the 
Miami River. Three the main tributaries gave values ranging from 0.54 
0.61, and one, the Mad River, had value 0.30. The main stream 
below the tributaries had values from 0.44 0.46, very close what would 
obtained from weighted mean the tributary flows. 

The low values for Mad River resulted from unusually large area 
glacial moraine its watershed, together with porous bedrock and the bed 
large river. Except for geology, its basin does not differ notice- 
ably from those the other tributaries. 

Maine (Table stations were found where artificial regulation was 
negligible, giving values ranging from 0.36 0.58. Lakes and swamps ex- 
ercised important influence many these data. The equalizing effect 
given area lakes this state did not appear great Wisconsin, 
probably because the more impervious soil and bedrock conditions Maine. 

There was some variation the results obtained for the stations analyzed 
Vermont, New Hampshire, and Massachusetts (Tables 1(g), 1(h), and 
respectively), the values varying from 0.36 0.61. Sufficient data were not 
available analyze the causes these variations. 

The stations studied North Carolina (Table 1(f)) ranged from 0.25 
0.62, the high values being the flatter section the state and the low values, 
the mountains. The low mountain values probably reflect the effect 
rainfall. these mountains rain occurs very frequently, which tends 
produce uniform flows. 

The flow streams the Susquehanna Valley Pennsylvania (Table 
1(j)) were studied because stream flow variability was known change widely 
within short distances because conditions. The values varied from 
0.29 0.58, under conditions that seemed preclude any other cause than 
geology. 
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Analysis was made streams Kansas (Table although the rain- 
fall these watersheds was usually much less than that the other streams in- 
vestigated this study, and the variability values did not differ greatly, the 
values ranging from 0.35 0.76. Some these streams the Great Plains 
extended out to, nearly to, the Rocky Mountains. Sufficient data were 
not available the geology their basins determine its effect the flow 
variability. 

Data were available from miscellaneous rivers, extending from Georgia 
and Texas Nebraska (Table 1(/)). show the lower limit the variability 
index, the flows the St. Lawrence, St. Clair, and St. Marys rivers the 
Great Lakes watershed were analyzed, giving values 0.045, 0.025, and 0.058, 
respectively (based monthly mean flows). The effect extensive deposits 
sand the watershed equalizing the water flow was shown the values 
obtained the Loup and Elkhorn rivers Nebraska and the Muskegon River 
Michigan, which gave values from 0.17 0.28. These were among the 
lowest values obtained. 


THE VARIABILITY INDEX 


One the principal uses the index described this paper that 
enables the variability streams compared readily giving numerical 
values this characteristic their flow. Usually only general terms have 
been used for such comparisons the past, and only very rough comparisons 
were possible. The agreement the flow duration curve with straight line 
logarithmic probability paper offers convenient method comparing the 
form the flow duration curves. 

Another use the index that has revealed the effect the several 
factors the variability the flow streams during the greater part the 
time (but not floods droughts). the seven factors listed Mr. 
this study has shown that geology (including soil conditions) and 
surface storage lakes and swamps are the predominant factors affecting the 
variation ordinary flows most the streams investigated. Although 
data were not available indicate conclusively how large was the effect 
rainfall variability, the evidence was strong that was usually less important 
than geology surface storage. 

Probably the greatest use this index will developing synthetic 
duration curves for the analysis hydraulic engineering problems, where the 
available data are meager. can thus used studies water power, 
water storage, and sediment production, where duration curves have been found 
useful. The method consists of: 


(1) Selecting variability coefficient depending the characteristics 
the watershed; 

(2) Determining the mean annual runoff the stream; and 

(3) Drawing the line probability paper which represented 
the variability index and the mean annual runoff. 


| 
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stream flow records are available for watersheds the vicinity, having 
similar characteristics the one under study, the value obtained for this 
stream can used. the difference between the watersheds small, the 
value desired may obtained applying small correction the known 
value. 

stream flow records short duration are available, they may used 
and compared with the variability values obtained from records streams 
the vicinity, both for the same and longer periods, possible. For cases where 
flow records are available, the following method has been developed from 
all the variability index values included Table and the geological 
and surface storage conditions the watersheds. The values given Table 
have been prepared for use selecting variability coefficient, assuming that 
the index for average river 0.60 and that the presence other conditions 
the watershed, indicated Table give rise the corrections listed, which 


TABLE VALUES VARIABILITY COEFFICIENT 


Impervious 
Average 
Pervious 


Impervious 
Average 
Soil, deep covering. . . Pervious 


Flat gently rolling 
Relief High impervious material 
High in average material 


8 


High in pervious ma 
Impervious 

Average 

Pervious 


oa 


Pervious, with many kettle holes 
Small areas 

Lakes and swamps... Moderate areas 
Extensive areas 


SS: 


are either added to, subtracted from, the value 0.60. The corrections for 
soil and bedrock are intended applied only flat gently rolling land 
and not rugged areas. The values for moraines and deep soils should 
weighted according the proportion the watersheds covered them. 
Where the soil deep, the bedrock corrections should reduced, the 
influence bedrock less. terrain covered with moraines, and also con- 
taining lakes swamps, the highest values the corrections given should not 
used. 

The streams having large subsurface storage frequently are somewhat 
skewed with curve that convex the origin coordinates. This gives 
higher flows for the low and high values than the straight line would indicate 
and smaller flows for the medium. previously stated, the very high dis- 
charge values from the straight line are too high and the very low values are 
too low since the straight line extends both zero and infinity. 
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Until considerable comparison has been made, will not possible judge 
how far these values can applied regions other than the northeastern 
United States. region where data are meager, the variability values for 
such data are available should obtained, and these relations tested 
out it. 

applying these values, will necessary use judgment; otherwise 
negative values may obtained. For example, the bedrock and relief cor- 
rections should not both used the bedrock corrections are included 
those for relief. The correction for moraines should apply the area covered 
moraines and the soil corrections should not applied this area also. 
Where bedrock lies deep that below the water table, should not 
considered. 

Large watersheds will tend have lower values than small ones, because 
the runoffs from rainfall from the various parts the basin will not synchronize, 
and because the channel storage will tend equalize the flow. 

The method determining the mean annual runoff streams will depend 
upon the amount data available, the more data the more accurately the runoff 
can stream flow data are available, the runoff can 
estimated roughly from that other localities producing similar vegetation. 
This method, course, very inexact and should used only last resort. 
rainfall data only are available, the runoff can estimated estimating 
the loss and subtracting from the rainfall. The loss can estimated from 
that watersheds having similar conditions; or, temperature records are 
the eastern half the United States, the loss may estimated 
from data supplied the short term runoff record avail- 
able the watershed under study, its runoff could compared with that for 
the same years watershed the vicinity that had long record and also 
with the runoff this latter watershed for the total period record. 

The shape the duration curve can obtained drawing straight- 
line duration curve logarithmic probability paper with slope such that the 
ratio the discharge exceeded 15.87% the time the discharge exceeded 
50% the time was equal the variability index selected. The ends this 
line for short distance each end will have altered match the best 
possible estimates maximum and minimum flow, since straight line this 
paper goes from infinity zero. considerable error these estimates will not 
have much effect, they affect only small part the time. The position 
the curve will have established trial, making the area under the 
curve (when plotted coordinates similar Fig. represent the quantity 
water indicated the mean annual runoff. 


Run-Off from Rainfall and Other Physical Adolph Transactions, 


Water Loss Selected Drainage Williams and others, Water-Supply 
Paper No. 846, U.S.G.8., Washington, D. C., 1940. 
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Further studies will probably show that this variability index directly 
related such factors the magnitude minimum flows, flood flows 
moderate frequency, and the storage necessary maintain various uniform 
flows. There good reason believe that the greater the variability index, 
the greater will the spread between the duration curves individual years. 
this true, more detailed estimate could made the frequency 
periods various magnitude flow than possible obtain from simple 
duration curve. 

From study the relation the watershed characteristics and the de- 
parture some the curves from straight line logarithmic probability 
paper, may possible determine the conditions giving rise these de- 
partures and thus enable more accurate synthetic curves developed than 
would possible using the straight-line method. 
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DISCUSSION 


Ven the computation procedure proposed the 
paper, the variability index can expressed the formula: 


which the logarithm the selected discharge 10% interval the 
duration curve; the mean the deviation from the mean; and 
nis the number selected discharges, the given procedure. Ina 
practical operation, seldom convenient take the deviations from the 
actual mean, since such deviations usually involve decimals which are cumber- 
some handle when squared. For greatest convenience (especially machine 
computation), another form Eq. obtained utilizing the mathematical 
principle that the sum the squares deviation from the mean equal the 
sum the squares deviation from zero, less the product the total and the 
mean. Modified slightly, this principle expressed 


n 


Eq. known the Gaussian formula, which used estimate the standard 
deviation population statistics. Eq. the mean the squares 
The variability index can defined mathematically and simply this 
formula. 

The numerical method computing the variability index was primarily 
presented for the purpose eliminating the effects introduced variations 
personal judgment. However, the method used the values discharges 
read from the duration curve plotted, did not eliminate the personal factor 
introduced plotting the curve. complete elimination the influence 
personal judgment possible only replacing the mathe- 
matical process—that is, the values and contained Eq. should 
computed directly from the raw data. Such data can grouped the 
method statistical classification reduce the number data handled 
computation. necessary, the computed standard deviation can corrected 
applying the Sheppard correction. 

Since the mathematical part the paper has been omitted, the method 
producing duration curve from the given values the variability index and 
the mean annual runoff cannot checked readily. However, the stipulation 
(under the heading, ‘‘Use the Variability that— 


the ratio the discharge exceeded 15.87% the time the 
exceeded 50% the time was equal the variability index 
selected’ 


4 
9)? 
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—would make the variability index greater than unity for most streams, because 
the discharge that exceeded 15.87% the time usually greater than the 
discharge exceeded 50% the time. Apparently this estimate not agree 
with the values the variability index listed Table 

The knowledge hydrologic statistics has been developed and extended 
greatly recent years. Many have found that the distribu- 
tion most hydrologic phenomena skew. Probability plottings the 
Hazen type were also found unsatisfactory for such frequencies. The computa- 
tion asymmetric probabilities now possible the field hydrology; and the 
development special probability opened the way for straight- 
line plotting the duration curve. Therefore the study stream flow 
would advanced suitable asymmetric probability plotting could 
adapted it. The values discharge should plotted linear scale, 
that the variability index would equal the standard deviation, 
statistical sense. 

Many hydrologists like use the coefficient variation, C,, instead 
the standard deviation, for the study variability. The coefficient 
variation equal the standard deviation divided the mean, 


For purposes comparison, the coefficient variation preferable the 
standard deviation, because the former, being dimensionless, eliminates the 
effects the difference from the mean. This elimination desirable, especially 
for stream discharge more arid regions where the annual rainfall tends 
smaller well more variable. 

For any statistical study, the quantity the available data important 
the quality. long the quality kept homogeneous, the longer record, 
larger number data, would make possible more accurate estimates the 
frequencies stream flow. the Soil Conservation Service, 
United States Department Agriculture, has made probability study 
rainfall and runoff. The study was confined annual maximum values; but 
worthy note that the frequency distribution function years 
record, which measure the number data used. Since the variability 
index measure the slope the duration curve frequency curve), 
should some function the length record. Therefore, the variability 


index would more statistical value the two were compared the basis 
the same length record. 


Dana ASCE.—The selection analytical method 
depends upon the use which the results are put and the time available 


1908. po a Estimated by Probability Method,” by E. J. Gumbel, Engineering News-Record, June 14, 


Method Estimating Flood Frequency,” Ralph Powell, Civil Engineering, Febru- 
ary, 


No. Soil Conservation Service, U.8.D.A., Washington, 


Chf., Power Studies Branch, Div. Water Control Planning, TVA, Tenn. 
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for the study. Cost also factor any engineering office. Two sugges- 
tions concerning the duration curve may value those desiring extend 
this work. 


(1) Instead using scale cubic feet per second per square 
substituting the average flow” for the period record under 
investigation will result relative variability curves flow. The values 
departures 10% intervals can then obtained similarly from this curve. 
This procedure eliminates the size the drainage area and the magnitude 
the runoff any comparisons. stream having flow 0.5 per sec 
per mile can compared with one having flow 2.5 per sec per mile 
with respect the slopes the duration curves—that is, the magnitude the 
departures from the average, regardless the size and other characteristics 
the drainage area. The writer would like know this approach might 
any way simplify the logarithmic calculations. 

(2) The second point importance that the same period years should 
used when comparing different records the same general locality. 
well known that the magnitude the runoff varies cycles wet and dry 
years, although little enough known about the amplitude and magnitude 
the curve variation. However, the Tennessee basin and numerous other 
basins, the years from 1930 1948 have been generally the part 
The previous nineteen years, from 1910 1929, were generally 
flat part the cycle having normal annual variations. quite obvious 
that any analysis could lead erronous conclusions records the two sepa- 
rate periods were compared. This point well illustrated the doubt 
regarding the analysis records different periods years when attempting 
determine the frequency occurrence floods great 
However, for more distant localities, where the runoff cycles coincidentally 
may radically different, further clarification and the development methods 
adjustment are needed. 


This paper offers suggestions for many interesting exploratory studies, 
especially for the younger engineers training these fields who are not afraid 
undertaking many laborious calculations. 


ASCE.—The authors have presented new and 
interesting method for classifying the daily-flow duration curves various 
streams single index,” together with the mean flow the 
stream. first glance, the variability index might seem related some 
way the classification skew probability curves the coefficient varia- 
tion and the coefficient skew, originally proposed the late Allen 
ASCE, and further developed the However, the latter classi- 
fication was intended used the study selected samples the original 
data, such annual floods mean annual runoff values, for which the number 
items actually used was limited, that the calculations could performed 


and Probable Future William Creager, Civil Engineering, November, 1939, 


Prin. Associate, Parsons, Brinckerhoff, Hall Macdonald, New York, 
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without excessive amount work. the coefficients variation 
and skew for daily-flow record years would entirely impracticable. 


Certain points related the proposed method may need further clarifica- 
tion: 


(1) The calculation the variability index independent the unit 
runoff used, whether cubic feet per second cubic feet per second per square 
mile, flow terms mean flow—because any change the unit does not 
change the shape the duration curve but only the relative values; and, when 
the curve plotted logarithmic probability paper, the result would only 
shift the entire curve parallel itself. 

(2) The variability index function only the slope the straight-line 
curve when plotted logarithmic probability paper. Hence, the 
value the index not changed the curve shifted parallel itself the 
plotting paper. 

(3) When applying the method for study which the data for plotting 


daily-flow duration curve are incomplete, the following procedure should 
followed— 


(a) Assume value for the variability 

(b) Determine value, such that log (Q; being daily flow value, 
expressed terms the median stream flow); 

(c) Assume value for the median stream flow (the flow exceeded 50% 
the time), which may estimated from the mean flow, explained sub- 
sequently; 

(d) Compute the discharge exceeded 15.87% the time the product 
and (derivation this percentage value being given subsequently); and 

(e) Then plot the duration curve straight line the logarithmic 
probability paper, passing through the two stream flow values for 15.87% and 
50% time. 


Probability Paper.—To clarify the foregoing procedure, some explanation 
the method constructing the logarithmic probability paper necessary. 
far the writer knows, adequate description such method construc- 
tion has been published. Construction this plotting paper based the 
use the “normal curve error,” which has the form: 


The “probable error” 0.4769/h. The probable error also defined 
the fact that the area under the curve error between the abscissas and 
one half the total area under the curve. The normal curve error 
known “frequency curve.” the frequency curve integrated, the 
result “duration curve,” the present case the curve the “prob- 
ability integral,” shown Fig. When plotted this way, the axis 


= —— 
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the ordinates becomes the scale, commonly used 
plotting duration curves. shown Fig. the part the duration 
25% and 75% the percentage-of-time scale. 
FREQUENCY CURVE 


Frequency Scale 


| 


© 


of Time 


~ 
o 


PROBABILITY 
INTEGRAL CURVE; 
DURATION CURVE 


Total Frequency (Probability) or Percentage 


the abscissas, the frequency curve are expressed terms the 
area under the curve from —a/r +a/r may found from values the 
probability integral, tabulated mathematical textbooks. This 
may expressed follows: 


2 = 
| 
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which 


Tr 


Tables the probability integral generally give values 
a/r (area from —a/r +a/r), then will the percentage-of-time interval 
the duration curve between values and a). Thesymbol 
denotes the value the median, which also the mean when the frequency 
curve symmetrical. 

two stream flow values, and differ from the mean and 
their percentage-of-time range the duration curve (shown and 
Fig. their values total frequency, may found from the probability 
table corresponding the values and This fact illustrated 
Fig. which a,/r assumed 1.0; the corresponding value total 
frequency taken from the probability table 0.5000 P,). Similarly, with 

duration curve Fig. plotted full line natural scale. 
can reduced straight line suitable change the spacing the 
percentage-of-time scale. Thus, let scale value inches the 
made equal (as the probability table), the duration curve 
will plot straight line. 


TABLE PROBABILITY SCALE 


(Assuming Distance from 0.1% 7.62 In.; from 50% 
Either 0.1% 99.9% 3.81 In.) 


Percentage Relative distance Distance from 
time from 50% line =0.4796 a/r 50% line (in.) 


0.10 0.20 0.1791 0.3756 0.31 
0.20 0.40 0.3708 0.7775 0.65 
0.25 0.50 0.4769 1.0000 0.83 
0.30 0.60 1.2479 1.04 
0.40 0.80 1.9001 1.58 
91.13 0.4113 0.8226 0.9538 2.0000 1.66 
5.0 950 0.45 1.1631 2.4389 2.03 
97.85 0.4785 0.9570 1.4307 3.0000 2.49 
2.0 980 0.48 0.96 1.4522 3.0451 2.53 
1.0 99.0 0.49 0.98 1.6449 3.4490 2.87 
0.5 99.5 0.495 0.99 1.8213 3.8190 3.18 
0.1 99.9 0.499 0.998 2.1850 4.5817 3.81 


For example, assume that the distance the plotting paper between 0.1% 
and 99.9% inches, and desired determine the proper scale 
distance between 25% and 75%: 75% 25%, 0.50 for which 


%8**A Short Table of Integrals,” by Benjamin Osgood Peirce, Ginn & Co., New York, N. Y., 1910. 


‘American Civil Engineers’ Handbook,” Thaddeus Merriman, Editor, John Wiley & Sons, Inc., 
New York, Y., 5th Ed., 1930, 
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a/r 1.00; and 99.9% 0.1% 0.998, for which a/r The 
seale distance from 25% 75% will then equal (1.00/4.5817)d in. Computa- 
tion other plotting positions the probability paper shown Table 
The values corresponding are taken from published 
probability integrals. 
Percentage Time for Plotting Variability straight line 
plotted arithmetical probability paper (arithmetical scale for ordinates), 


0.5 99.5 


Stream Flow in Terms of Median Flow 


the difference between the ordinate value any given percentage time and 
that for 50% time will proportional the probability integral, P., cor- 
responding the assumed percentage. Similarly, scale 
used for the ordinates, the corresponding difference between the logarithms 
will proportional The problem determine the percentage 
time which the logarithmic ordinate the assumed straight line has 
numerical value equal the variability index the line. This could done 


\ 
‘ 
04 
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scaling off the ordinates the logarithmic probability paper the 5%, 
15%, 95% points, and computing the index explained the authors; 
but more accurate result will obtained assuming logarithmic ordinates 
proportional the corresponding values the probability integral, computing 
the corresponding values the index, and then determining the percentage 
time probability (P.) that would have value a/r equal the 


means 


c 
3 
a 
= 
2 
= 
2 
o 
= 
” 


Percentage of Times 


The computation shown Table which Col. denotes the range 
percentage time 50% P./2), and the data Col. are selected from 
available probability The variability index computed with 


2499 
1.4660. 

TABLE VARIABILITY INDEX 


Percentage of time X =0.4769° 


19.3422 


1106 
a a\? 
(1) (2) (3) (4) (5) 
0.90 1.1631 2.4389 5.9482 
0.70 0.7329 1.5368 2.3617 
0.50 0.4769 1.0000 1.0000 
0.30 0.2725 0.5714 0.3265 
0,10 0.0889 0.1864 0.0347 
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The corresponding value times 0.4769 0.6991; and 
corresponding 0.6991, 0.67718. the percentage time, for 


the computed index, The discrepancy between 
X. 
Percentage time Log (Log Q)? 
3.30 0.5185 0.26884 
1.56 0.1931 0.03728 
1.165 0.0663 0.00440 
this value and 15.87% given the authors may due the omission 
the decimals. 
series duration curves with values the variability index from 0.1 
venience plotting, the 50% 
median stream flow value as- 
sumed 1.0 (logarithm 0.0). 
For index 1.0, the line 
pass through value 10.0 
time. The other lines will have 
arithmetical ordinates, the same 
percentage time, equal their 
respective index values. 
show the true relative shape 
these duration curves, they have 
flow (Q) were scaled from the line 
plotted for the index 0.50. 
ability index 0.495. for mean flow 
Stream Flow.—Unless the dura- 
tion curve stream flow has 
0.2 0.8 1.0 


actually calculated, there Variability index 
method determining the median 
value from the original records, 
although the mean stream flow generally known may 
method constructing the duration curve proposed the authors requires 


A 
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the use the median, and consequently necessary establish relation 
between these two values for various values the index. The writer has at- 
tempted establish such relation arithmetical integration the plotted 
curves. The results are shown Fig. which also indicates the percentage 
time which the duration curve crosses the mean ordinate. 


excellent method for the hydrologist compare conditions different water- 
sheds. Its computation simple and does quite accurately represent the 
greater part the flow variations. facilitate plotting adjusted curves de- 
fined the mean flow and the variability index, the writers suggest the con- 
struction graph which shows the percentage time during which the mean 
flow exceeded, function the variability index (Fig. 8). For indexes 


1.00 


VARIABILITY INDEXES 
FLOW RATIO (Qm.*1.0) 


0.00 


Mean 


greater than 0.35 only range can indicated, with sufficient precision for 
practical purposes, because the average affected high discharges occurring 
during small percentage the time. Fig. shows the adjusted duration 
curves used, which are straight lines logarithmic probability paper. 


Partner, Olarte, Ospina, Arias and Engrs., Cali, Colombia. 
Associate, Olarte, Ospina, Arias and Engrs., Cali, Colombia. 


0.90 
| 
0.80 
0.20 
= 


OSPINA AND TAMA STREAM FLOW 1109 


The published data reveal definite relation between mean unit flow 
(cubic feet per square mile) and the variability index, except for certain 
similarity rivers situated the same part the United States. noted 
that more than half the 224 stations analyzed have drainage areas less 
than 1,000 miles, and that the authors’ conclusions regard the varia- 
bility index incline refer small rivers. Both common sense and study 
the tables confirm definite in- 
fluence the size the water- 
shed the index. The values 


TABLE INDEXES 


b Drainage area | No. of Most Maxi- | Mini- 
in Table 6 have been deduced (square miles) | stations frequent mum | mum 
‘from the data presented the 1,000..... 1.17 0.14 


extremely high indexes occur 

only small watersheds and 

that there genera] tendency toward lower values the drainage area 
increases. 

For the Cauca basin Western Colombia the following information can 
given: Flow variations the main river and most the tributaries follow 
the same trend, regardless the size the watershed. index 0.23 
typical. The mean annual runoff exceeded during 40% the time and 
averages 1.8 per sec per mile. contrast the uniformity the 
variability index the unit runoff varies considerably even watersheds with 
similar rainfall characteristics. The total drainage area the lower end 
the so-called Cauca Valley 9,000 miles, the greater part which located 
rugged country. Soils vary from impervious silts pervious alluvial de- 
posits the flat regions; most tae mountainous regions the soils are im- 
pervious with grass, bush, and forest cover. There are two dry seasons and 
two rainy seasons and the rainfall about in. 

After years work irrigation and power planning, the writers were 
surprised find variability index low comparison that for streams 
the United States. 

The authors recommend their procedure for studies where the available 
hydrological records are meager and they rightly state some the factors which 
limit its use. The annual mean flow determined from short-term flow 
data, from comparison with other hydrological records and drainage basins, 
from temperature records, ete. The selection the variability index 
governed geological conditions and surface storage only, whereas rainfall 
distribution and intensity, vegetation cover, and arrangement tributaries 
are acknowledged influence unknown degree. 

Actually, the number factors such that accurate predictions can 
made unless flow records exist covering certain period. the writers’ 
knowledge, even short-term discharge data are likely more useful than 
coefficients derived from conditions other regions. Attention called 
the fact that geologic conditions may defined for restricted areas, yet large 
basins the problem will become rather complex. Preliminary estimates 
stream flow undeveloped countries are hampered deficient hydrological 
records and little information the area and general features 
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the drainage basin. The first guess will reflect personal judgment, whatever 
estimating method used. investigations proceed, flow records from newly 
established gaging stations will provide more reliable information. Older 
hydrological records, existent, may used establish correlation. Unit 
duration curves, which are based mean flow and have the advantage 
being dimensionless, well chronological records from other rivers, are 
valuable determine flow variations (variability index), annual mean dis- 
charge, and duration droughts the river studied. Mass curves rainfall 
will found useful analyze the general trend. The accuracy stream flow 


records should checked, since systematic errors high discharges, due to. 


deficient section rating, will affect the variability index. 


FLOW RATIO (IS YR AVERAGE = 1.0) 


MEAN FLOW 

YEAR RECORD 
RECORD 
YEAR RECORD 
YEAR RECORD 
RECORD 


oO. os | 5 10 20 30 4 50 60 70 60 99 «695 99 995 99.9 
PERCENTAGE OF TIME 


Fie. 10.—Vartation oF Duration Curves For Dirrerent Prertops on THE Cauca RIVER 


The adjustment short-term records fit average conditions requires 
experience, since both mean flow and variability index change with the length 
the period considered. Fig. shows the actual duration curves the same 
river (Cauca) for different periods, related the 15-year average 
The mean flow the other periods indicated evident that 
the method adjusting duration curves straight lines loga- 
rithmic probability paper should applied only long-term 
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necessary examine thoroughly all pertinent relations until representative 
duration curve can plotted. 

Finally, should remembered that most hydraulic studies will require 
estimate critical conditions during period severe drought. These are 
not fully defined duration curve representing long-term record, and they 
have determined design hydrograph based actual discharge data 
and adjusted the most critical conditions. 

The writers’ experience the hydrological studies the Cauca Valley 
shows that, when only short-term records are available, the most difficult task 
the determination the minimum flow hydrograph—which represents not only 
the minimum flow itself but also the hydrograph for the entire critical dry season. 
This hydrograph the greatest importance planning irrigation and power 
projects where good storage reservoir sites are not available. The ratio 
minimum flow average flow for period from years varies from 
1:2.3 1:5.8 for the tributaries the Cauca River, all with practically equal 
variability indexes. The Cauca itself has ratio 1:3.6. the other hand, 
the characteristics the dry season hydrograph vary very widely from one 
river the other. 

All this indicates the complexities and uncertainties hydrological extra- 
polations. The writers consider that the greatest usefulness the variability 
index, where few records are available, help develop the judgment the 
engineer and thus aid him make better guess the mean and the minimum 
flows. 

The principal value the paper considered the development 
useful statistical investigating procedure and the analysis considerable 
volume flow data from North American rivers. then hoped that other 
hydrologists will contribute information from different regions and nations 
order further the study the factors which affect the index. 


service they would enlarge the use their variability index. For example, 
the method depends the proper selection the variability index outlined 
Table This table translates qualitative descriptions geology, hydrol- 
ogy, and topography into quantitative terms. Apparently rather thorough 
geologic and topographic survey the drainage area needed, together with 
considerable amount soil sampling and testing comparable results are 
obtained independent observers. 

What permeabilities and what percentages the drainage area are meant 
the various subheadings under and What slopes and 
percentages drainage area are referred under Likewise what, 
quantitatively, the average permeability Under and 
swamps” what percentages drainage area correspond 
ate,” and 

Then, there the problem determining the mean annual runoff the 
Using the method given Don Johnstone, Assoc. ASCE, and 


Hydrologic Engr., Ranney Method Water Supplies, Columbus, Ohio. 
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William Perry ASCE, the length stream flow record needed 
estimate the mean annual flow various degrees accuracy, for three Ohio 
streams, shown Table These streams have been gaged continuously 


TABLE Recorp NEEDED 


Leners or Recorp, tv Years ReEQutred To 


River Location area 
(sq miles) 
15% 20% 25% 
Scioto .... Chillicothe, Ohio 3,847 62 29 17 12 
Mad...... Springfield, Ohio 485 


since 1923. ungaged stream, how many years gaging the authors 
suggest, and what degree accuracy desired, determining the mean annual 
runoff for use with Table 

The writer would like withhold judgment the proposed method 
developing flow duration curves until studies are made watersheds whose 
physical characteristics are known and where long-term gaging records are 
available. The magnitude deviation between the computed duration curves 
and the actual duration curves would show conclusively how applicable Table 
field conditions. Naturally, all the suggested studies would have 
made without reference actual long-term gaging records valid comparisons 
are result. 


evaluating stream flow variability obviously useful applying data frem 
streams with long periods record comparable streams for which short 
periods record exist. 

There have been number developments small Illinois watersheds 
for municipal supply purposes. expected that there will increase 
the use smaller watersheds for impounded supplies minimize sediment 
damage and spillway costs. Periods zero flow exceeding the time 
are often encountered such streams, making the method this paper inap- 
plicable. Similar situations are found streams flowing highly permeable 
valley fills and arid regions where rainfall infrequent. The method 
worthy modification make applicable intermittent streams. 

attempt was made compare the stream flow Money Creek above 
Lake Bloomington with other gage records central Illinois. For this purpose 
stream flow variability indexes were computed. immediate difficulty made 
itself evident that Money Creek had zero flow 13.54% the 12-year 
period record. The variability index became infinity. 

inspection was made the stream flow records from gaging 
stations, and was found that this problem existed for five watersheds the 


Applied Don Johnstone and William Perry Cross, Ronald Press Co., 
New York, Y., 1948. 


Eng. Asst., Eng. Sub-Div., State Water Survey Div., Dept. Registration and Education, 
Head, Eng. Sub-Div., State Water Survey Div., Dept. Registration and Education, Urbana, Ill. 


BRUIN AND HUDSON STREAM FLOW 1113 


group from miles 500 miles. The largest the gaged areas having 
zero flow more than the time Mazon River, which drains watershed 
only small part which morainic, the remainder being largely 
Money Creek drains watershed miles, which lies between two mo- 
raines Wisconsin age. The following approximate distribution subsoil 
exists the two watersheds (areas square miles): 


Permeability 
Slowly very slowly 
Moderately slow 
Moderate 


The Lake Bloomington water- 
shed somewhat representative 
the average subsoil permea- 
bility Illinois, whereas the 
Mazon River subsoils are con- 
siderably less permeable than 
most subsoils the state. 
Zero flow was reported for 
Mazon River during 7.06% 
the period record, which 
years. this period the run- 
off from streams the same 
region was slightly above normal. 
Station discharge duration 
curves for Money Creek above 
Lake Bloomington and Mazon 
River Coal City, com- 
puted from records gathered 
through cooperation with the 
United States Geological Survey, 
are shown Fig. 11. 

view the inapplicability 
the authors’ method 
streams which there zero 
flow more than the time, 
suggested that the varia- 
bility index based the 
period during which flow exists. 
Calculated values for the streams 
discussed herein, using the per- 


Mazon River Money Creek 


‘Tens 


& 


Otecherge in second-feet 


centage values and procedure proposed the authors are follows: 


Station, Urbana, Ill., May, 1948. 


Time in percent of total period 
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Description Mazon River Money Creek 
Percentage time zero 7.06 13.54 


This index would accompanied statement the proportion time 
during which there zero flow. 


particularly interesting feature this ingenious index 
variability, not pointed out the authors, its comparability meaning 
coefficient variation—that is, represents not variation, such, but variation 
respect the mean. Since constant logarithmic deviation corresponds 
constant percentage change, computing the standard deviation the loga- 
rithms the discharge gives index deviations percentage the mean, 
done directly the coefficient variation. 

undesirable feature the index that cannot related directly 
mean flow. However, because the normality the distribution discharge, 
expressed logarithms, throughout most the range, the index when used 
with the logarithm mean flow provides estimates discharge various 
frequencies. estimates, obviously, could made for the curvilinear parts 
the log discharge frequency relationship. this connection, perhaps the 
utility the index would increased estimates discharge the and 
99% frequencies were appended it. These values, indicating the nature 
the curvilinearity the extremes, would importance those interested 
either flood minimum flows. 

interesting point the relation the variability indexes the drainage 
area. The authors state that streams from large watersheds will tend have 
lower indexes than streams from small watersheds because less synchroni- 
zation flow and greater channel storage. Surprisingly, tabulation the 
area and the variation streams, listed the authors (each which were 
gaged more stations), reveal that this not the case (see Table 8). 
Seemingly, the indexes should decrease the downstream direction. Accord- 
ing the tabulation, this occurred streams, whereas streams the 
indexes became larger, and streams (Table 8(a)) they remained constant. 
Closely associated with decrease the variability indexes 
the mean flow; and, with increase the indexes, there decrease the 
mean flow (see Cols. Table 8). Since the indexes reflect variation respect 
the mean, these relationships permit the speculation that either variation 
remains constant or, more likely, that changes the same direction but less 
rapidly than does mean flow. 

After considering several factors which affect stream flow variability, the 
authors concluded that geology and soils, and surface storage had the major 
influence. Although there some evidence support this conclusion, 
hardly sufficient warrant the finality the authors give it. study 
this kind, extremely doubtful factors having important bearing 
stream flow variability can isolated. 

One reason for this doubt the complication posed the wide range 
drainage areas. drainages, vegetation and weather may important 


Forester, Div. Forest Influences, Forest Service, Dept. Agriculture, Washington, 
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factors, local occurrence high intensity rainfall droughts, density 
vegetation, having greater effect variability than they would have 
larger areas. Geology and soils could well the most influential factor 
larger areas possessing variety different types vegetation. Similarly, 


AREA 
Sta- Drainage Mean | Sta- | Drainage Mean | Sta- |Drainage Mean 
(1) (2) (3) (4) (1) (2) (3) (4) (1) (2) (3) (4) 
(a) VantaTion Remains Vartation DECREASES WITH 
INCREASE AREA (c) INCREASES WITH 
0 Muskingum River, Ohio Wapsipinicon River, lowa St. Croix River, Wisconsin 
Lamoille River, Vermont 5,120 0.31 0.583 
(Table 1(9)) Sandusky River, 5,930 0.30 0.566 
310 0.38 1.64 299 075 0.833 Wolf River, Wisconsin 
e (6) Vartation Decreases WITH 43 3,847 0.55 | 0.889 7 2,340 0.32 0.762 
13,200 0.59 0.246 (Table River, Ohio (Table 1(d)) 
(Table 1(a)) 420 
owa fiver, iowa abie a 
Cedar River, (Table 1(a)) New Jersey (Table 2,439 1.007 
0.39 0.341 875 0.47 2.331 River, Ohio 
* Cols. 1, 2, and 3, Table 1. Col. 4, Table 1. Col. 6, Table 1. 4 Col. 7, Table 1. 
small area possessing uniformity topography would produce stream flow 
entirely different than larger drainages including diversity topo- 
graphical features. Thus, difficult select factors major importance 
when watersheds different sizes are considered. 
Furthermore, unless each the several factors given equal consideration, 
the present time, lack data all factors would prohibit such analysis; 
but may that, the authors had given more attention factors considered 
minor influence, different would have been reached relative 
importance the factors. 
For instance, from the authors’ conclusions the inference can made that 
vegetation not influential factor. comparison the variation streams 
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from forested and nonforested areas similar size Iowa and Wisconsin does 
not support this view (see Table 9). Furthermore, should emphasized 
that the relatively small variation from areas greatest relief, Iowa and 
North Carolina, perhaps due more the fact that they are mainly forest 
covered than the reasons given the authors. weather were truly con- 
sidered factor, perhaps the authors should have considered the effect the 
accumulation and rapid melting snow the variability the more northern 


TABLE VARIABILITY INDEXES FORESTED AND 
NONFORESTED DRAINAGES 


Forestep Areas (Sq Mies) Nonrorestep Areas (Sq Mites) 
River Area Index River Area Index 
(a) Iowa 
Little Maquoketa......... 130 0.39 320 0.94 
AR SES J 0.38 
Wapsipinicon............ 1,060 0.64 
(b) Wisconsin 

0.24 732 0.57 
0.62 971 0.68 

0.60 

0.20 

0.26 

0.36 
0.39 Mean variability (Table (a)) ......... 0.49 


states. addition, the factors deemed important the authors, when con- 
sidered singly and respect the area involved, are not major importance. 
Surface storage can obviously important factor only the relatively 
limited areas which exists. Geology and soils were found important 
certain areas, but not enough areas justify selection major factor. 

Perhaps more reasonable conclusion would that the relative importance 
the factors cannot determined for large area the one concerned. 
All the factors may considered having bearing variability; each 
present degree all drainages; certain drainages one two factors may 
particular importance because they are present sufficient intensity 
mask the effect the other factors. However, because the variability the 
factors over the particular area, addition the variation size the drain- 
ages which tends intensity the effect the more variable factors the 
smaller areas, and the fact that evidence not available permit thorough 
analysis the effect each factor, the data that the authors present not 
allow evaluation the relative importance the factors affecting stream 
flow variability. 
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ASCE.—The authors have made sound 
and comprehensive presentation stream flow duration. Their use log- 
arithmic probability scales particularly commendable. 

Instances are rare indeed which the logarithmic probability plot the 
flow duration curve will yield straight line throughout the entire range 
flow. Forsuch rare cases, the curve adequately described the two param- 
eters suggested the authors—namely, the variability index and the mean 
discharge. they have pointed out, the position the curve must estab- 
lished trial, but that task not particularly difficult. the other hand, 
all cases with which the writer familiar, there substantial curvature 
near one both ends the logarithmic probability plot that the two 
parameters are not adequate define the curve. This fact has been recognized 
the authors, evidenced their statement (under the heading, Use 
the Variability Index’’): ends this line for short distance each 
end will have altered match the best possible estimates maximum 
and minimum flow *.” 

project which the writer engaged involves the flow duration curves 
for the Illinois stations used the authors. The basic data differ 
only one major respect—namely, the records have been extended include 
all complete water years through 1945. One the stations, Big Muddy 
River Plumfield, has been selected show the relation between the 
synthetic curve obtained the authors’ method, and the actual curve derived 
from the station data. 

the illustration the synthetic development assumed that the variability 
index and the mean discharge per square mile were known be, given 
Table Cols. and 1.01 and 1.021, respectively. From published 
data,” was determined that the extremes discharge prior September 
30, 1933, were 16,300 per sec and per sec (the equivalent 21.6 
per sec per mile and per sec per mile) and was inferred 
that the time flow was about days years, little more than 0.1%. 

The resulting synthetic curve appears the continuous line Fig. 12. 
determining the slope this line, was necessary modify the statement 
the authors (under the heading, Use the Variability 


shape the duration curve can obtained drawing straight- 
line duration curve logarithmic probability paper with slope such 
that the ratio the discharge exceeded 15.87% the time the discharge 
exceeded 50% the time was equal the variability index 


Since the selected index 1.01, appears that line such slope would 
nearly horizontal, and not all representative the flow duration curve. 
Obviously, the ratio the discharges should equal the antilogarithm 
the selected index, or, this case, 10.23. The line was drawn this slope 
and, the first trial, was made pass through the point given 
1.01 and percentage time equals 25.8. The data extreme 


Hydr. Engr., Geological Survey, Champaign, 

Water Supply the United States, Water-Supply Paper No. 745, Wash- 
ington, 1935, 213. 

physical Union, Vol. 17, 1936, 419. 
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discharges offered reason for curvature the lower end the line, but the 
upper end obviously must become asymptotic the horizontal 21.6, and 
the line was drawn accordingly. Step integration the area under this line 
yielded mean discharge 1.25 per sec per mile, greatly excess 
the assumed value 1.02 
per sec per mile, which indi- 
cated that the curve must 
moved leftward the position 

shown. 
For comparison, the duration 
curve developed the writer, 
based actual records for the 
water years, from 1909 1912 and 


from 1915 1945, shown the 


dashed line Fig. 12. indi- 


cated Table 10, the variability 
index for the longer period 
whereas the mean discharge 0.891 
per sec per mile. The 
duration the mean discharge 
23.5% the total time. 

The decrease mean dis- 
charge, due the use addi- 
tional record, largely responsible 
Percentage Total for the downward shift from the 

maximum about the 70% dura- 
tion where the synthetic curve discharge more than 
double that the actual Had this particular point been the subject 
investigation, the use the synthetic curve could not recommended. 
other points, particularly the region the mean discharge, the agreement 
between the two curves satisfactory. should noted that the 
assumed shape the synthetic curve has been helpful obtaining the good 
agreement the region near the mean discharge. Since the parameters for 
the synthetic curve are based the same data used Mr. Morgan, 
properly shaped duration for the years from 1915 1933 would have 
passed through the point given him; that is, 1,01 and percentage 
time equals 25.8. However, since the shape the curve was only approxi- 
mated the synthetic procedure, was necessary compensate for the 
inaccuracy shifting the synthetic curve pass through the point 1.01 
and the percentage time equals 21.8. believed that the improvement 
thus obtained only coincidental; other cases the shift necessary compen- 
sate for inaccurate shape may such move the synthetic curve away 
from the actual curve the region the mean discharge. 

Furthermore, the curvature the upper part Fig. opposite that 

mentioned the authors (under the heading, Use the Variability Index’’). 
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This due the fact that Big bordered extensive flood 
plains which, their storage effects, materially reduce the magnitude the 
high discharges. 

The foregoing example benefits, course, from the fact that very pertinent 
values were assumed for the index and the mean discharge. Had been neces- 


Mean 


Z 


Algonquin 
Lyndon (Como) 
Momence 


Sangamon 

Sangamon Monticello 
Vermilion Danville 
Macoupin Kane 


Kincaid 

Skillet Fork Wayne City 
Big Muddy Piumfield 
Cach 


¢ 
OO 


sary estimate these values from data given Table from records 
near-by watersheds, any less appropriate estimates would have been reflected 
the synthetic curve. 

The writer has had opportunity test the data given Table 
Some information may provided, however, the variation the index 
record. stated, new duration curves have been prepared for the 
stations described the authors. These new curves include data for all 
complete water years prior 1946. New values the mean discharge and 
the variability index, computed the authors’ method, are shown Table 
10. certain stations, the index value has changed appreciably, and, 
general, the index value has increased while the mean discharge has decreased. 
These fifteen too few warrant trends; but 
they raise question whether increase the value the variability 
index may not expected with increase the length record. 


Jun. ASCE.—This paper should help stimulate the 
interest hydraulic engineers the possibilities powerful tool for the 
evaluation hydrologic data, which heretofore has not received the attention 
With some notable exceptions, hydraulic engineers have not kept 
pace with, taken proper advantage of, the developments the mathematical 
science statistics. The authors have introduced, the analysis stream 


Prof. Civ. Eng., Univ. Tennessee, Tenn. 
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flow data, one the characterizing numbers used statisticians measure 
the nature the distribution data. 

introducing their variability index (see under the heading, Previous 
Studies Duration Curve they state that: 


civil engineers are familiar with this from its application triangula- 
tion and base line measurement, where the standard deviation known 
the ‘root mean square error.’ 


They might also have stated another analogy that perhaps even more familiar 
civil engineers—that the mathematical and physical similarity the 
moment inertia and the radius gyration areas. characterizing stream 
flow data, the engineer interested the spread, dispersion, values, 
rather than the probable error; and this essentially what the radius 
gyration measures for the cross-sectional area column other structural 
member. 

Without having seen the original, more detailed paper filed the Engi- 
neering Societies Library, the writer believes that this paper has suffered 
condensation from the omission background material. The explanation 
the method constructing synthetic frequency curve from the variability 
index and the mean flow, particular, not clear. 

wondered why the authors chose depart from the accepted definition 
deviation” defining their variability index. The defining 
formula for standard deviation 


which individual variate; the mean value; and the total 
number variates the population group, which, the case daily stream 
flows, would mean the number days from minus plus eternity. When the 
calculation standard deviation based “sample” consisting days 
record, fair approximation obtained applying correction factor 


The precision the number obtained increases with the number days, 
used the calculation, and will noted that the correction factor ap- 
proaches unity increases. 

effect, the authors have applied the correction factor Eq. using 
the divisor for their calculations based the values picked from fre- 
quency curve, which overcorrection (as will explained). 

The use numbers picked from graph questionable. would seem 
better group the raw data into equal class intervals and use midvalues 
these intervals, with corresponding frequencies, for the calculation the index. 
These intervals should chosen with regard for proper statistical representa- 
tion the data, but would surely such give more than groups 
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this case. the same time, the arithmetical simplifications made possible 
the use equally-spaced intervals would reduce the labor involved 
minimum. doubtful that the calculation (suitably made) the index 
from the raw data would require any more time than computation the 
method picking points from the duration curve described the 
authors, especially view the time required arrange and plot 3,650 
values daily flow for 10-year period record. 

Referring again the use divisor calculating the 
index,” this would the proper number use the index were based only 
values raw data, except that, the index had been based only days 
record, would statistically worthless. The authors have stated that 
the minimum period used the compilation their tables was years, which 
for daily flows means minimum 3,650 variates. Would not have been 
more nearly correct divide 10, the number obtained being theoretically 
subject correction factor equal 3,650/3,649, which negligible? 

The principal value probability paper these studies would seem 
that provides ready, but rough, method determining whether the data 
the problems hand follow curve called the normal curve distribution, 
with its related probability law—the proof being that points plotted this 
paper yield straight line. Apparently the authors concluded that the actual 
values stream flow not follow the normal law, but that the logarithms 
these values follow it—hence, the use logarithms rather than actual 
stream flow values calculating the index. 

any problem for which can assumed that the variates (whether raw 
data their logarithms) follow the normal distribution curve, simple 
matter compute values for frequency curve with percentage time its 
argument (called flow-duration curve hydraulic engineers). For this 
purpose necessary have only the mean value and the standard deviation 
(known estimated from tables such those presented this paper) and 
table solutions the probability integral, readily found references. How- 
ever, one characteristic the normal distribution equality the mean and 
the median. For stream flow would necessary assume that the mean 
flow was the same the flow equaled exceeded 50% the time, and this 
not usually found true. Perhaps the authors’ method constructing 
synthetic frequency curve applicable skew frequencies. so, 
hoped that further explanation will given the closing discussion. 

The numerical value the standard deviation applied the flow 
stream reflects not only the variability the flow but also its magnitude. 
The great value data such presented this paper should the possible 
curve for some comparable stream for which data are scarce. eliminate the 
effect size from such comparison, seems that the ratio the standard 
deviation the mean flow (the coefficient variation) should used, rather 
than the standard deviation itself. should understood, course, that 
order for streams comparable, their sizes could not greatly different 
—certainly not the order scale ratios commonly used for other purposes 
hydraulics. 
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Wine,* ASCE.—In different connection, John Cotton,“ 
ASCE, emphasized the fact that the determination reservoir capacity needs 
much more ‘attention than most other current problems 
which engineers habitually give their attention. The paper provides addi- 
tional techniques through which such capacity studies can made. Nearly 
all countries ‘possess rainfall information from which reasonable estimates 
mean annual runoff are possible; but knowledge the variation the daily 
stream flow that determines reservoir capacity much more limited. This 
situation particularly true underdeveloped countries where knowledge 
minimum stream flow especially needed now because current emphasis 
wide-scale river basin planning. The paper deals with two problems: 
First, the development adequate index through which daily stream flow 
variation can expressed; and, second, the determination the factors from 
knowledge which its quantitative value can estimated. 

The utility arithmetic averages for summarizing mass data com- 
monplace. guide their judgment through their knowledge 
mean runoff per square mile, mean rainfall, mean flood discharges, and 
forth. Knowledge these mean values helps prevent mistakes when the 
dealing with unreasonable observations fragmentary data. 
the other hand, acceptable data the mean values stream flow variation 
are few, perhaps because the lack generally accepted variation coefficient 
through which past studies could have been summarized. placing before 
the profession their logarithmic variability index,” and giving its 
value for some 200 American streams computed from hundreds thousands 
observations, the authors provide hydrologists with type values for streams 
whose physical characteristics are well known and hence provide the engineer 
with “judgment” background. 

Long ago Francis pointed out that if, instead characterizing the 
frequency distributions sets observations natural phenomena such 
runoff, rainfall, and forth standard deviations, they characterized 
the standard deviation the logarithm the observations, much better 
and more useful variation index would obtained, and one better fitting the 
observed distributions. Luigi Italy and Aime 
France early the 1930’s utilized his suggestions their studies runoff 
variations. brilliant paper classifying streams not only their indexes 
variation with respect daily stream flow the present paper, but also 
series other variation indexes take account seasonal and subsoil 
seepage characteristics, Mr. Coutagne presents values for the Lane-Lei variation 
coefficient (in terms its reciprocal) for number European streams. His 
values are very similar those the paper but his conclusions are different. 

“ Civ. Engr., Washington, D. C. 


Vol. 115, 1950, p. 900. 
“*‘Statistics by Intercomparison, with Remarks on the Law of Frequency of Error,” by Francis 


Galton, The London and Dublin Philosophical Mayazine and Journal Science, 4th Series, Vol, 
XLIX, January to June, 1875, p. 33. 


Sujet Quelques Récentes Formules Statistiques Concernant les Déterminations Hydro- 
logiques,”” by Luigi Gherardelli, Rapports Bulletin No. 21, Assn. Internationale d'Hydrologie Scientifique, 
Rome, Italy. 1934. 

des Cours Les Méthodes Aime Coutagne, Pithiviers, 
Imprimerie des Caisses Grenoble, France, 1935. 
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Presumably Mr. Coutagne utilized standard methods similar those presented 
the American Society Testing computing the variation 
index, procedures which the writer would hoped, their 
closure, the authors will clarify their own methods illustrating with 
example, important that their method fully understood those 
utilizing their work and the present procedures are not clear. 

couple illustrations the physical meaning the variation index 
should help expand its use. stream whose 0.6 
(the typical stream Table has antilogarithm The theory 
statistics indicates that stream with this standard deviation its 
logarithms flow has two thirds its daily flows within the range one 
fourth four times the yearly daily average. Average flow here means the 
flow corresponding the antilogarithm the average logarithm, value 
the order 0.6 times the ordinary arithmetic mean flow. Such stream for 
83% the time would develop 25% its potential power without storage. 
The wide range the suitability the streams for power developments from 
purely hydrological viewpoint indicated the wide range the authors’ 
indexes, from 1.2 These, having antilogarithms and 1.6, mean 
that for 83% the time these streams had flows that were greater than 
and 63% the yearly average. 

The second part the paper concerns discussion the factors which 
day-to-day stream flow variation depends. the stated: 


the northeastern quarter the United States the geology 
(including soil cover) and the presence lakes and swamps are the most 
important factors stream flow variability during the greater part the 
time and other factors have relatively smaller effect.” 


view the many varying characteristics included the watersheds the 
stream cited the paper (such rainfall, drainage area, geography, and 
culture—all which are commonly thought effect stream 
flow), regretted that the paper does not contain supporting analysis for 
this conclusion. Table the authors propose that the variation index for 
unfamiliar stream estimated utilizing the average variation index 
0.60 typical their data and then modifying values from 0.7 0.2 
ratio 3.5 purely the basis effects due varying geological factors— 
that is, percentages glacial moraine and bed rock, varying percentages 
lakes swamps. Other factors are given consideration. The writer 
proposes briefly examine whether other factors may not equal impor- 
tance and demonstrated better. 

varying rainfall causes varying runoff almost too well 
known require comment. Correlations greater than 0.90 are commonly 
found when comparing these two variables whether the basis daily, 
weekly, monthly, annual flows. this true glance typical rainfall 
variation indexes should give guide the variation expected runoff. 
From Mr. Coutagne’s data the following daily rainfall variation indexes are 


“**Manual on Presentation of Data," Committee E-1, A.S.T.M., Philadelphia, Pa., April, 1943. 
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presented for certain European stations: 
Station Index 


Rainfall Lyon 1.7 times variable Alps station, and, pre- 
sumably, streams having similar drainage basins the two locations would 
have runofis varying similar manner. The writer suggests that, more 
daily rainfall indexes become available from locations the tropics the 
thunderstorm belts the arid west, the range rainfall variation will 
found quite comparable the range stream flow variation presented 
the authors. 

varying altitude affects the runoff variability index 
suggested the authors commenting their North Carolina data. There 
they found that their index varied from 0.62 0.25 ratio 2.5 they 


Contours 
equa! variation 
in annual raintall 
(Coefficients of 
vanation) 


Scale of miles 


Fie. Becomes More Increase ELEVATION 


went from the plains the mountains and ascribed the more uniform 
mountain rainfall. That this effect exists also shown Fig. 13, from data 
supplied Winters Here terms the arithmetic deviation 
which, roughly, the authors’ index proportional, the annual rainfall 
variation index changes from 20, ratio 2.5 the altitude becomes 
greater. 

Area.—The effect the area watershed the uniformity its drainage 
likewise common knowledge. Big rivers tend much less variable than 


Coefficient Variation,” Winters Nakamura, Monthly Weather Review, December, 
1933, pp. 354-360. 
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small flash streams. The authors’ data, when plotted against drainage area, 
indicate that, the size the watershed increases from 100 miles 10,000 
miles, the variation index reduced the average from 0.76 0.36—a 
reduction Mr. Coutagne’s data, shown follows, indicate similar 
reductions, the ratio being 2.5 


Area 
Stream Coefficient 
Reno, Italy 0.83 
Arno, Italy 0.82 
Tiber, Italy 0.72 
Rhone, Lyon, France 0.33 
Rhone, Beaucaire, France 0.30 
Danube, Germany 0.29 
Nile, Egypt (compiled writer). .... 0.40 


conclude, the foregoing data, limited they are suggest that varia- 
tions rainfall, altitude, area may each have effects the flow variability 
index” comparable that ascribed the authors “geology.” The writer 
feels that, before the authors’ conclusion that principal factor 
runoff variation can accepted, correlation studies must made eliminate 
the effects variable rainfall, elevation, and area just pointed 
though some engineers, lacking other data, may wish accept the authors’ 
recommendations and estimate unknown stream flow variations following the 
authors’ recommendations Table the writer believes that, for unknown 
stream, there will less error the flow variability index assumed similar 
the rainfall variability index, measured estimated, if, the basis 
observed physical characteristics drainage basis, variation index 
chosen from Table 


ASCE.—It gratifying note that Messrs. Lane and 
Lei have applied standard statistical procedures stream flow data and have 
thus analyzed all reliable records streams east the 100° meridian. Too 
often, civil engineers are prone develop methods and procedures for analyzing 
data with utter disregard for established statistical parameters which are quite 
applicable; and result they are plagued with hybrid indexes, coefficients, 
averages, and ratios. The authors have attempted wisely, avoid such hybrid 
parameters using the well-established probability analysis; but (as will 
shown) they have apparently overlooked significant feature their 
ability 

its definition and its method computation, the variability index 
must logarithm. defined the authors the standard deviation 
the logarithms the discharge values (X) 10% intervals, taken from the 
duration curve. such, nothing more than the logarithm the geo- 
metric standard deviation, since 


Associate Prof. San. Eng., California Technology, Pasadena, Calif. 
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which value read from the duration curve; the geometric mean, 
sinee log the arithmetic mean the log values; the number 
observations (in this case 10); and the geometric standard deviation. 
the form its logarithm, the geometric standard deviation has little 
actual significance, other than another index carried the minds 
engineers. the antilogarithm the variability index, however, the geo- 
metric standard deviation proper has definite meaning and can applied 
directly stream flow data. 

Inasmuch the duration curves stream flow data that plot straight 
lines logarithmic probability paper, between limits and 95%, may 
considered approximately geometrically normal, the geometric standard 
deviation, the accepted statistical measure dispersion (or variability) 
such data. has physical significance that, when multiplied by, 
divided into, the geometric mean (or 50% value this case), results direct 
values having the same dimensions the mean. The product and quotient 
obtained represent the values 84.13% and 15.87%, respectively. Thus, 
mean certain runoff data expressed 1.20 per sec per 
mile and found 2.20, then the runoff may expected less 
than 1.20 2.20 2.64 per sec per mile for 84.13% the time and less 


than 0.545 per see per mile for 15.87% the time. The 


variability index used the authors, which would log 0.34 this 
example, has such ready application. Few human minds are accustomed 
thinking logarithmically, and, hence, few engineers can envision what 0.34 
means this instance. 

Although the variability index definitely established logarithm 
its definition and its magnitude the various tables and examples, and 
although the characteristic values the variability coefficient given Table 
are logarithms, the authors were apparently thinking the antilogarithm 
their index, the true geometric standard deviation, when they stated (under 
the heading, the Variability 


shape the duration curve can obtained drawing straight- 
line duration curve logarithmic probability paper with slope such that 
the ratio the discharge exceeded 15.87% the time the discharge 
exceeded 50% the time was equal the variability index selected.” 


The quoted statement does not hold for the logarithms used this paper the 
variability index. holds only for the true geometric standard deviation. 

The writer concurs with the authors their reasoning that measure 
variability generalized stream flow data needed and feels indebted 
them for the mass data that has been thus compiled, analyzed, and compared. 
recommends, however, that the variability index called its established 
statistical name—the logarithm the geometric standard deviation—and that 
this variability expressed directly rather than logarithm. 


authors are commended their excellent attempt devise stream flow 


Design Engr., Safe Harbor Water Power Corp., Baltimore, Md. 
Hydrographic Engr., Pennsylvania Water Power Co., Conestoga, Pa. 
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variability index. accurate appraisal flow variability, some kind 
rational numerical coefficient, has long been needed hydrologic investiga- 
tion, and any step that direction salutary. Further commendation 
warranted for the authors’ astuteness utilizing, basis for their mathe- 


PERCENTAGE TOTAL TIME FLOW EQUAL LESS THAN 


matical analysis, the earlier work the sedimentary geologists, especially 
Krumbein, Pettijohn, and Otto, applied the field sediment 
particle analysis. often more diffieult visualize the adaptability 
work foreign field given problem than devise method attack 
the problem from fundamental concepts physics and engineering. Simi- 
larity approach two problems strikingly apparent only when the two 
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concepts have been reduced dimensionless partial differential equations, 
and relationship the factors involved uncomplicated mathematical 
level. However, the case any new theories, all concepts that are in- 
cluded must explained. 

The three run-of-river hydroelectric plants Safe Harbor, Pa., Holtwood, 
Pa., and Conowingo, Md., form excellent chain stream gaging stations 
for the Susquehanna River discharge. Although the three plants have rela- 
tively little storage, all flow data have been reduced natural conditions, and 
the plants themselves can then considered having effect equalizing 
stream discharge and fluctuation flow. Independent flow records Holt- 
wood are available from 1917 date. 

was anticipated that, with such data, valuable confirmation might 
offered for the authors’ studies the river; and fact due this anticipa- 
tion that the following presented. For the period from 1917 1946, the 
flow variability index for the Susquehanna River Holtwood 0.432. This 
value differs but slightly from the value 0.44 determined Messrs. Lane 
and Lei for Harrisburg, Pa., and may easily accounted for the fact that 
Holtwood 47.0 miles downstream from Harrisburg and has drainage area 
2,700 miles greater (26,800 miles compared 24,100 miles). 
Moreover, the geology the intervening territory highly different char- 
acter from that most the drainage basin, since Harrisburg the river 
leaves predominantly mountainous terrain and enters rolling farm country. 
addition the yearly duration curve, monthly duration curves for the same 
period have been prepared and some are depicted Fig. 14. Using the method 
outlined the authors, flow variability indexes for each month were devel- 
oped from these duration curves. The results, with average monthly flows 
Holtwood, are follows: 


Month Flow variability Average flow 
(cu per sec) 


33,500 
37,400 
83,300 
74,700 
50,500 
27,000 
18,200 
13,600 
12,300 
18,800 
30,900 
33,300 
36,100 


These indexes vary from 0.265 for April 0.415 for November; they present 
unusual condition, although entirely possible this instance, wherein the 
annual variability index seemingly bears relation the monthly indexes. 

Since can logically assumed that the geological structure, soil, topog- 
raphy, and the arrangement tributaries, with regard time concentra- 
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tion surface flow, are constant for any particular river, the variations the 
monthly indexes must arise from one more other variables. effort was 
made see such variation could accounted for some function the 
weather. The monthly variability indexes are plotted Fig. showing 
average temperature, precipitation, and runoff. The temperature and pre- 
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cipitation averages are based records from stations and stations, 
respectively. strikingly evident that direct correlation between any 
these quantities and the flow variability exists; nor any correlation between 
the variability index and the runoff coefficient apparent. Temperature appears 
important factor affecting runoff, and vegetation density would roughly 
follow the temperature curve. 

The wide variations the shape the duration curves, and, hence, the 
variability indexes, probably stem largely from the effects snow and frozen 
ground delaying runoff during the winter months and from the higher 
percentages flow contributed ground water during the late summer and 
fall months. Although the deviations the monthly variability indexes 
neither prove nor disprove the authors’ contention that geology and topography 
are the principal factors involved, they act warning against the indis- 
criminate use indexes develop duration curves. The foregoing comparison 
the relatively constant indexes for April, May, and June, with the widely 
different duration curves for these months Fig. 14, illustrates the degree 
error possible. 
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has been mentioned Messrs. Lane and Lei that the topography and 
geology Pennsylvania are highly diversified, and that extremely varied flow 
indexes might expected individual streams. should pointed out 
that, solely because this variance, any attempt predict variability factor 
for given stream would meet with example the influence 
geology, the authors cite the case two adjacent small Pennsylvania streams, 
Muddy Creek with index 0.29 and Conewago Creek with value 0.58. 
the authors mention, Conewago Creek drains area Triassic sandstone 
with traprock intrusions, whereas the drainage basin Muddy Creek 
highly laminated and inclined absorbent albite chlorite schist which, were 
not for the laminations, would indicate high index for Muddy Creek. Such 
unapparent geological considerations laminations would completely over- 
looked any but the most extensive investigations drainage area, and 
very likely that, such comprehensive geologic data were hand, adequate 
stream records also would available. Moreover, any cursory feological 
examination would completely misleading, for, topography indication 
the underlying rock structure, identical index values would predicted for 
the two streams. The Pennsylvania Gazetteer lists both streams 
being rolling agricultural country with narrow main valley flanked 
precipitous, well-wooded hills. Another example topographies not being 
indicative the critical geology mentioned the authors themselves— 
that is, the case Mad River Ohio. should noted also that the period 
recorded flow observations for both Conewago Creek and Muddy Creek 
of-only years duration each; and addition, both cases, the periods are 
during sustained dry period Pennsylvania. 

Although the variability index does not always reflect certain character- 
istics stream (such frequency and extent discharge fluctuations, the 
equalizing effect ground water, and other factors peculiar given basin), 
the authors and others will continue their efforts place 
stream flow variation more nearly absolute and mathematical basis. 


ASCE.—It not possible for Mr. Lei join the writer 
preparing the closing discussion this paper because the disrupted com- 
munication between China and the United States. Although believed that 
concur most, not all the following remarks, the writer alone 
responsible for them. 

The large number constructive criticisms presented the various dis- 
cussers has added greatly the value the paper and they are appreciated. 
They fall into two general classes: (1) Those dealing with the statistical aspects 
the paper and the mathematics probability paper, and (2) those dealing 
with the hydrological applications the variability indexes. 

Considering first the discussions advisable give the reasons 
for adopting the method handling the flow data used the paper. The 
data used were drawn from large number sources—and were given four 
different forms: (1) Plotted duration curves; (2) discharges exceeded during 


“Water Resources Report: Gazetteer Streams, Pt. Water Supply Comm. 
Pennsylvania, Harrisburg, Pa., 1917. 


* Hydr. Consultant on pend Engr.’s Staff, Bureau of Reclamation, Denver, Colo. 


certain selected percentages time; (3) percentages time that the discharge 
exceeds certain selected values; and (4) mean daily discharges for each day 
covered the record. all these data, method which would 
expressed any these forms had selected. Since future users the 
suggested variability index will also encounter data all these forms, order 
that they may all use the same necessary that the method 
selected applicable all types data. The method preparing duration 
curve, and reading values from certain selected typical points, was the 
only process the writer and Mr. Lei could devise which met these requirements. 

making duration-of-flow ‘studies. from records mean daily flow, the 
shertest method seems divide the entire range the stream flow into 
adequate number partial ranges and through the daily records, 
tallying the number days found each partial range. From the numbers 
shown the tallies these partial ranges the number days with discharges 
below the upper limit each partial range can easily obtained adding the 
tallies that range those all partial ranges covering lower discharges. 
The writer and Mr. Lei used this method obtaining the data for plotting the 
duration curves, where the data used were the form mean daily discharges; 
they believe that any other method unnecessarily laborious. 

Mr. Ownbey expressed the opinion that computing the index the sum 
the squares the differences the logarithms from the mean the logarithms 
should divided instead was done the paper. Before 
selecting the writer and Mr. Lei consulted several people well 
versed statistical methods, addition studying the methods handling 
similar data recommended Krumbein. Still others are well 
acquainted with statistical theory have discussed this raising 
this question; therefore, seems likely that the use the writer and Mr. 
Lei sound. should not sound, however, would have effect 
the practical usefulness the index developed the paper, which differs 
constant ratio from the one which Mr. Ownbey would obtain. 

Mr. McKee suggests that the geometric standard deviation would 
better value use for the variability index than the value adopted the paper. 
Although the use the geometric standard index would have 
the advantage more easy designation, and, therefore, might more accept- 
able statisticians, would have practical advantages over the one the 
paper, which the antilog one Mr. McKee suggests. 

The use the coefficient variation, and the use discharges expressed 
ratios the mean flow have been suggested possible improvements the 
index offered the paper. One the advantages the index used the 
writer Mr. Lei that, using the logarithms, the index obtained gives 
expression the relative variability from the mean, and, therefore, accom- 
plishes the same purpose the coefficient variation. Converting the dis- 
charges values expressing their magnitudes terms the mean and then de- 
termining the variability index would result exactly the same value was 
obtained the method given the paper. One the great advantages 
the index used the writer and Mr. Lei that independent the dis- 
charge units used, Mr. Foster has shown. The values obtained are the 
same long the flows are expressed units volume per unit time. 
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The writer cannot agree with Mr. Chow’s contention that the variability 
index function the length the record, when the time expressed 
percentage the total time flow. course, there are differences for the 
duration curves different years, but this chance and not functional 
variation. 

Several discussers have called attention error the paper (under the 
the Variability which resulted from the omission 
the word The correct statement is: 


“The shape the duration curve can obtained drawing straight- 
line duration curve logarithmic probability paper with slope such that 
the ratio the discharge exceeded 15.87% the time the discharge ex- 
the time equal the antilogarithm the variability index 
selected.” 


The method given Mr. Foster for obtaining the predicted flow duration 
curve from the estimated value the variability index, and the curve showing 
the ratio the median the mean discharge for various values the varia- 
bility index, given Mr. Foster and also Messrs. Ospina and Tama, will 
considerable assistance applying the methods presented the paper. The 
explanation the method constructing logarithmic probability paper offered 
Mr. Foster will found great assistance those who may have occasion 
make such forms. 

Turning now the hydrological aspects and applications the variability 
index, Mr. Wing’s discussion the history the idea this index great 
interest. has stated, its roots back over seven decades Francis 
Galton, and the basic idea was developed Aime Coutagne about decade 
before the independent development the writer and Mr. Lei. Mr. 
Coutagne expressed his idea the form uniformity index—the higher his 
value the more uniform the flow—whereas the writer and Mr. Lei developed 
variability index, the reciprocal that developed Mr. Coutagne, with 
the higher values allocated the more variable stream flows. 

Some difference opinion developed the discussions regarding the varia- 
tion the index values with the drainage area. Mr. Lull presents data indi- 
cating very little decrease the variability with drainage area; and Mr. Wing 
and Messrs. Ospina and Tama believe that the variability decreases appre- 
ciably with drainage area. The view that the index decreases with drainage 
area was given the paper. However, since the decrease low order 
decrease perhaps about 50% index value for increase drainage 
area 10,000%), might argued that the increase was negligible for many 
cases. 

regretted that the space available did not permit more complete 
justification the contention that geology and surface storage were the 
most important factors controlling flow variability within the area cov- 
ered the data submitted. Had the maps showing the variability indexes 
and their relations local geology and the discussions watershed conditions 
which were part the comprehensive paper been published full, 
believed that this point would have been much more clearly demonstrated. 
Other factors that have been suggested account for the variation were rain- 
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fall variation and forests. regions high relief, rainfall variations within 
short distances can appreciable, but difficult believe that such can 
the case flat states such Iowa, Wisconsin, Illinois, and Ohio. these 
states variations 100% more the index within short distances were 
common, and many watersheds with which this writer was personally ac- 
quainted, neither rainfall nor forests seemed possible explanations. Mr. 
Lull gives data which indicate index about 25% higher for nonforested 
watersheds than for forested ones Iowa and Wisconsin. these states 
forested areas are allowed grow timber because they are unsuited cultiva- 
tion, either because high relief, unsuitable soil, swamps. This the case 
the Iowa streams mentioned, and probably also for those Wisconsin. 
These conditions favor low variability for geological reasons, and, therefore, 
the lower indexes for the forested ones are not necessarily due the forests. 

Perhaps the best arguments for the preponderant influence surface storage 
are the very low values the St. Lawrence, St. Clair, and St. Marys rivers 
the Great Lakes system, which are much lower than any others obtained. 
Strong arguments for geology being very important the area covered the 
records are the low flows the Kansas and Nebraska streams. Although 
quantitative data the rainfall variability these Great Plains states are 
available, there every reason believe that less uniform than the 
states farther east. The watersheds these streams are nearly treeless. 
spite both these factors, these Great Plains streams give low indexes. 

should have been emphasized more forcefully perhaps that the conclu- 
sions the paper were confined the areas covered the flow records avail- 
able, and that, until data from other regions are available, not possible 
determine how applicable they are elsewhere. With the exception some 
streams North Carolina and perhaps southern cases were found 
which seemed indicate rainfall variability effect. However, this writer 
does not claim that rainfall effects are everywhere generally negligible, but 
only that they were generally negligible the area covered the records. 
fact, where there are great differences rainfall variability there are certain 
differences flow variability. The flow variability the result the 
interaction rainfall variability and natural storage, either above ground 
below ground; the flow variability varies the same direction the rainfall 
variability and inverse direction from the natural storage. possible 
that the low values obtained Messrs. Ospina and Tama for the streams 
the Cauca basin Western Colombia were caused largely comparatively 
uniform rainfall. 

Messrs. Bruin and Hudson have mentioned the necessity expressing the 
time terms the percentages time flow rather than the percentage 
total elapsed time. all the flows used the writer and Mr. Lei, these were 
the same; but small streams, where the flow ceases part the time, 
necessary use only the time flow. 

Mr. Kazmann has called attention the lack exactness the terms given 
Table for permeability, relief, and areas lakes and swamps. Greater 
exactness would desirable, but the labor involved working the data 
the individual watersheds, quantitative terms which generalizations could 
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based, would have been prohibitive, even the data had been available. 
most cases this was not true. For classifying the area lakes and swamps, 
Fig. will serve guide handling this variable. 


LARGE LAKE AREAS SMALL LAKE AREAS (c) SOME LAKE AREAS 


Fie. 


Messrs. Schroyer and Schuleen have shown the great differences varia- 
bility indexes flow for the Susquehanna River the different months the 
year. This serves emphasize the necessity having the data cover one 
more complete cycles, such years, which the conditions are much the same, 
rather than compare conditions which are consistently different, such 
those one month the year compared those another month. 

judging the geological and surface characteristics influencing flow 
variability drainage areas for which geological data are not available, air 
photographs airplane reconnaissance would very valuable. Considerable 
work has been done toward interpreting these conditions from air photo- 
which would repay study those concerned. 


Interpretation Engineering Sites and Materials,” Jean Hittle, Photogrammetric 
Engineering, December, 1949, pp. 589-603. 


Photographs and Their Harold Smith, Appleton-Century Co., 
Inc., New York, Y., 1943. 

s7 “The Origin, Distribution, and Airphoto Identification of United States Soils,” by D. 8. Jenkins, 
D. J. Belcher, L, E. Gregg, and K. B. Woods, Technical Development Report No. 52, Civil Aeronautics Ad- 


ministration, Washington, D. C., 1946. 


% “Aerial Photographs Used for an Engineering Evaluation of Soil Materials,’’ by R. E. Frost and K. 
B. Woods, Proceedings, 2d International Conference on Soil Mechanics and Foundation Eng., Rotterdam, 
Vol. 1948, pp. 324-330. 
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TRANSACTIONS 


Paper No. 2419 


END RESTRAINTS TRUSS MEMBERS 


HAROLD ASCE, AND THOMAS KAVANAGH,? 
Assoc. ASCE 


One the problems current interest structural engineers the be- 
havior compression members that are parts rigidly connected structural 
frames and are consequently subjected varying end restraints. method 
presented herein for the calculation these end restraints and the effective 
lengths compression members under different load conditions. demon- 
strated that the end restraints decrease and that the effective lengths increase 
loads are increased, until the frame buckles. shown that when truss 
buckles all members tend fail simultaneously. 

The procedure extension the moment distribution method intro- 
duced Lundquist, Assoc. ASCE, for analyzing the stability 
structural frame. The relation between the series criterion and the stiffness 
criterion for testing stability restated. General equations are then formu- 
lated for the stiffness axially loaded bar with the far end elastically 
restrained. The general equation for the instability bar with known elastic 
restraints also derived terms the moment distribution method. The 
procedure illustrated the calculations for specific truss. 

Finally, important fact which not well understood presented— 
namely, that for compression members steel trusses with the usual range 
slenderness ratios, the buckling load coincides practically with the yield point 
the steel regardless end restraints. Hence any elaborate 
stability and end restraints unwarranted for steel truss. 


welded truss rigid frame subject current growing number 


September, 1949, Proceedings. Positions and titles given are those effect 
when the paper discussion was received for publication 


Dean, College Eng., Univ. Washington, Seattle, Wash. 
Prof, Civ. Eng., Pennsylvania State College, State College, Pa. 
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structural engineers. Current design practice not very consistent the 
treatment restraints existing the ends column virtue its more-or- 
less rigid connection with other members varying stiffness. Some widely 
accepted column formulas contain factors for end conditions, whereas other 
equally accepted formulas not. Most practicing engineers have little 
knowledge these restraints, beyond the usual textbook statements that 
pin-ended column corresponds length reduction factor whereas 
fixed-ended column corresponds the Euler formula for the 
critical load the elastic range: 


which factor depending the degree restraint the ends; the 
modulus elasticity; the moment inertia the column cross section; 
and the length the column. 

the elastic region, consequently, fixed column has four times much 
capacity with respect buckling does the same pin-ended column. This 
condition not true, however, the inelastic range. The compression mem- 
ber usually encountered civil engineering practice has such low slenderness 
ratio that acts the inelastic range load increased and approaches the 
critical value. Eq. then becomes: 


which the effective modulus, replaces the elastic modulus. The 
tangent modulus now generally accepted aeronautical engineers the 
effective for columns. has also been accepted the Column 
Research Council Engineering Foundation. structural steel, grad- 
ually decreases from per in. zero the yield point, value 
that may termed for the critical average stress. the slender- 
ness ratio decreased, the Euler load curves based the tangent modulus 
gradually converge toward this ceiling. will found then that the buck- 
ling load for fixed-end column may only slightly greater than that for the 
same column with pinned ends.. The ratio longer decreases rapidly 
values less than and very close 
the actual column exists framework, the ends are neither 
pinned nor fixed; other words, the end restraints are neither zero nor in- 
finity, but have some intermediate values best characterized rotational 
springs having spring constants (see Fig. 1). this type column, the 
critical buckling load will have value which between that for the pinned 
column (the lower limit) and that for the fixed column (the upper limit). The 
reader should bear mind that these two limits are not far apart for columns 
with low slenderness ratios. Moreover, for structural steel, they are very 
close the yield point the steel. 
not generally recognized that, loads are increased framework, 
the end restraints acting compression member the framework not 


(1) 
Column Theory,” Shanley, Journal the Aeronautical Sciences, May, 1947, 261. 
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remain constant. They may vary between almost absolute fixation and almost 
perfect freedom, depending the changes the abutting members. 
fact, the abutting members, instead creating end moment the com- 
pression member starts buckle, may have moments presented them 
the buckling member. This change restraint, framework loaded, 
the reason why difficult test isolated column testing machine 
and duplicate the variable end conditions obtaining during the test 
framework. 


(a) PINNED (k=1 (5) ELASTICALLY RESTRAINED . (© FIXED 
AND s=0) AND (k=} AND 


The theoretical procedures for determining critical buckling loads for trusses 
are well established. One excellent method which widely known among 
American aeronautical engineers that developed Mr. Lundquist.‘ This 
method adaptation the moment distribution method developed 
Hardy Cross,* Hon. ASCE. the procedure convergence accu- 
rate answer, stiffnesses members are usually based the condition that the 
far end temporarily fixed any one stage the process. The actual end 
restraints acting any member for any particular load condition are not 
usually evaluated the Lundquist method. possible, however, extend 
the procedure determine the actual magnitude the restraints and then 
evaluate the effective length member corresponding particular load 
condition. There some question the significance “effective length’’ 
column design formulas, inasmuch the effective length changes loads 
are increased. That question, however, will not discussed detail this 
paper. The Lundquist method will now restated briefly and then extended 
the calculation actual end restraints and effective lengths. 

stability calculations employing the moment distribution procedure, the 
stiffness and carry-over factor depend not only upon but upon the 
magnitude and sense the axial load the member. Evidently, axial 


Structural Members Under Axial Eugene Technical Note 


617, National Advisory Committee for Aeronautics, Washington, C., October, 


actions, ASCE, Vol. 96, 1932, 
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tensile load will tend increase the stiffness member, whereas axial 
compressive load will reduce its stiffness. The expressions for stiffness and 
factor for axially loaded bars are well known, and are reproduced 
the Appendix. 

The stiffness bar unyielding supports each end defined the 
Lundquist method the moment one end necessary produce rotation 
radian that end. The stiffness obviously depends the restraint 
the far end, and three cases are considered: the stiffness, far end fixed; 
the stiffness, far end elastically restrained; and the stiffness, far end 
pinned. The restraint created the end member abutting member 
members will designated hereafter the spring constant defined 
the moment necessary produce rotation radian the spring. 
cordingly, corresponds the combined stiffness all adjacent members 


with their far ends elastically restrained. 


Apply M=S 


Fie. 


The carry-over factor employed its usual sense with relation 
member unyielding supports, the ratio the moment developed the 
far end the moment applied the near end. Its value (C, C’, also 
depends the restraints the far end. 

the the stiffness and carry-over factors for the condition 
“far end fixed” have been possible, direct moment distribu- 
tion, obtain the factors for the other end conditions well. Thus, for the 
stiffness the bar the truss Fig. isolate the bar shown Fig. 
where the bars the left have been denoted equivalent spring 
total stiffness From the simple moment distribution shown, and the defini- 
tions and C’, 


and 


Tables Stiffness and Carry-Over Factor for Structural Members Under Axial Load,” 
by Eugene E. Lundquist and W. D. Kroll, Wartime Report L-265 (ARR 4B 24), National Advisory Com- 
mittee for Aeronautics, Washington, D. C., February, 1944. 


| 
. . 
C, 
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sc s+S sc s+S s+S 
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If, now, wire model rigid-jointed truss (Fig. visualized being 
stable equilibrium under the action some external force system and 
any joint this truss arbitrary small rotation applied and held 
hand, the structure will assume new configuration which each joint the 
truss will rotated through some angle that will multiple and the 
magnitude which will depend the stiffness every member the truss. 
If, was assumed, the truss stable equilibrium, all such rotations will 
finite, and release the joint, the truss will snap back its original position. 

the load system increased, resulting larger loads the members 
the truss, the stiffness the individual members will decreased in- 
creased depending whether they are compression tension, respec- 
tively, and the resultant total stiffness each joint will vary with increasing 
load. For joint dominated compression members, the total stiffness 
will decrease with increasing loads and the application the small arbitrary 
rotation will cause increasingly larger rotations (or, the model, the springi- 
ness snapback the joint release will diminish continuously). Obviously, 


the criterion for stability that the rotations all joints 
finite; this leads the condition for neutral stability which Mr. Lundquist 


termed the “‘stiffness 


Se Soe 


The stiffness criterion usually difficult apply, because the values 
are unknown, result the unknown end restraints. applied in- 


directly, however, the following manner: Eq. states that the stiffness 
2 


being physically the moment carried back (or the unbalanced moment at) 
joint after the far end has been balanced. must kept mind that 
initial moment was applied bar joint after which joint 
was released and reclamped. number members meet joint 
(Fig. 2(b)), all the can obtained applying moment 
the entire joint releasing and reclamping the joint. Then the process 
moment distribution applied all the remaining joints only, using suffi- 
cient number cycles insure accuracy. Finally, the moment values that 
have been carried back joint for each individual member meeting 

S2 

practice, simpler apply unit moment joint rather than 
moment Accordingly, the initial moment the end member 

Soa 


be; (see Fig. 3). The total moment carried back, designated 
be 


This summation for each member the term 


f 
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conform the Lundquist notation, then 


The moment carried back end member The total for all the 
the total unbalanced moment joint after all the other joints have been 
successively released, balanced, and clamped for several cycles moment 
distribution. From Eq. 


(8) 


Comparing Eq. with the latter can restated follows for the 
members meeting joint 


S’ = Sree 


Thus, alternative Eq. available for obtaining the stiffness one 
end member with the far end elastically restrained. the process 
moment distribution, etc., are obtained directly for the members joint 
rather than the spring restraints Eq. Once the corrected 
values stiffness are obtained for the ends the members adjacent joint 
the stiffnesses both ends the remaining truss members can obtained 
repeated application Eq. solving either for unknown terms the 

The total stiffness joint with the far ends restrained elastically the 

(10) 


the critical buckling load, Eq. set equal zero, according 
the stiffness criterion, and this immediately gives the very important condition 
for neutral stability, described Mr. Lundquist the “‘series criterion”: 


The series criterion derives its name from the fact that the unbalanced 
moment the joint initially after one release and reclamping, 
after the second release and reclamping r?; etc. The final moment then 


---, which geometric series whose sum this moment 


1- 

determining the critical buckling load for truss, the series criterion 
more readily applied than the stiffness criterion. With given load con- 
dition acting the truss, unit moment applied any joint the truss. 
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The joint released, then clamped, and the total moment carried back 
the joint through its abutting members, calculated after all the remaining 
joints the truss have been balanced the application several cycles 
the moment distribution process. Ifr the truss stable under the given 
load The loading increased and the procedure repeated, resulting 
new value The determination the buckling load for the truss— 
that is, the load which 1—will require the analysis number 
loading conditions, the number depending the degree accuracy sought. 

The exact stiffness and the spring restraint for each end any member 
for any one load condition, however, are quickly determined from Eqs. and 
after the values etc., have been found determining particular 
joint. 

perhaps symbolic the universal adaptability the moment distribu- 
tion method that also affords procedure for determining the value the 
length reduction factor from the two end restraints column. Consider- 
ing the elastically restrained column (Fig. 1), and applying the stiffness 
criterion joint 


from which, using Eq. 
126 simplifies 


The last term the left-hand side Eq. however, which the 
stiffness with the far end pinned. The final result 


8. 


For ease application, Eq. rewritten terms the nondimensional re- 
straint coefficients: 


Eq. can solved easily trial from the tables* previously mentioned, 


since these tables give corresponding values and for values 
L/j, which When the proper value L/j has been found 


P 
which satisfies Eq. 13b, the value determined from 


(14) 
L/j 
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trial solution necessary because Eq. 13a fundamentally transcen- 
dental equation, since the functions and are convenient 
chart which gives direct solution has been published and 
reproduced Fig. with the same notation this paper. Eq. 13a 
merely one form the fundamental equation elastically restrained bar, 
which was probably first stated Osgood,” 
ASCE, was perhaps the first note the equivalence between Mr. Zimmer- 
mann’s basic equation and the moment distribution concepts employing stiff- 
ness and carry-over factors. 


4) 


0.6 
Values 


The stability criteria first stated Mr. Lundquist were given rigorous 
proof Mr. Hoff employing energy methods. this latter procedure, 
Mr. Hoff was able demonstrate that, for truss stable, not only must 
the moment distribution converge finite values, but the final values must 
unique (that independent the order balancing). 

The procedure finding end restraints and effective lengths will now 
illustrated for the truss shown Fig. 5(a). This truss 


Technical No. 584, National Advisory Committee for Aeronautics, 
Encastred Hoff, Journal, Royal Aeronautical Soc., September, 1936, 

der Stabverbindungen,” Zimmermann, Ernst Sohn, Berlin, 1925. 

1° Discussion by W. R. Osgood of *‘Principles of Moment Distribution Applied to Stability of Struc- 


tural Members,”’ by E. E. Lundquist, Proceedings, 5th International Cong. for Applied Mechanics, Cam- 
bridge, Mass., 1938, pp. 149-150. 


and Unstable Plane Frameworks,” Hoff, Journal the Aeronautical 
Sciences, January, 1941, 115. 


Analysis Frameworks,” Hoff, Journal, Royal Aeronautical Soc., July, 
P. 
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DISTRIBUTION FACTORS 
AND CARRY-OVER FACTORS 


0.296658 


FINAL STIFFNESSES (S’) 
AND RESTRAINT COEFFICIENTS 


+10,520.8 (+2.782) 


(+1.327) 
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adopted from the aircraft field. has been designed fail the 
loads shown, but actually has some reserve strength above these design 
ultimate loads. The following questions might arise: 


what multiple the load will the truss become unstable? 
this question would involve series trials. Assume, first trial value, 
1.0119 times the load shown—that is, the loads joints and are 
changed 425 and the load joint 4,250 lb.) 

For any given multiple the load (say, 1.0119) what are the end re- 
straints the bars? 


Having the restraints, what are the corresponding effective lengths? 


All three these questions are answered the procedure outlined 


TABLE anp Carry-Over 


Member P P/A EB’/1,000 L I j= 
AB CD 13.913 4.313 
BE EC 16.039 3.741 
B 16.306 4416 
AE ED 19.002 3.789 
Totals 


Table gives the properties the tubular members the truss, the stresses 
under 1.0119 times the design load, and the stiffness and carry-over factors 
(far ends fixed), the latter being trigonometric functions the axial loads and 
obtainable from tables previously The material carbon steel (Society 
Automotive Engineers (SAE) Specification 1025) with yield point 36,000 
per in.; and, the absence tangent modulus data, the effective modulus 
assumed equal that obtained from the published the ultimate 


column formula. For values 18,000 per in., the value 


(15) 


Effective moduli tension have been assumed the same compression. 
The distribution factors the joints are calculated from the stiffness the 
usual procedure, and are shown Fig. 

The moment distribution demonstrated Table The subvalues 
r-value 0.8389, which, being less than unity, indicates the series 
criterion that the truss stable under the load factor 1.0119. (It can shown 
repeated trial that the true critical load factor approximately 1.0309.) 


4 “Airplane Structures,” by A. 8. Niles and J. 8. Newell, John Wiley & Sons, Inc., New York, N. Y., 
3d Ed., Vol. II, 1943. 


= 
8 
0.12 
1.40 
0.05 
1.40 
= 
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The stiffnesses the members joint are computed immediately 
from Eq. Thus, inch-pounds, 


ME = + 2,881.3 0 


Only now the analyst position use the stiffness criterion, although 
this obviously not necessary, since the stability has already been checked 
the series criterion. 

For simple symmetrical truss this type, and for most simplified group- 
ings, the stiffnesses the remaining members can now obtained merely 


IncHES AND 


—— 0.12071 10,288 1,241.9 1,241.9 1,241.9 anee 6.92975 AB CD 
313 1.40017 11,387 15,943.7 15,943.7 31,887.4 0.299572 
741 0.05406 12,948 700.0 bdes 700.0 FP 16.1782 BC 
416 1.40912 13,519.1 13,519.1 27,038.2 0.296658 


14,761.0 17,885.6 58,925.6 


repeated application Eq. solving either for unknown S’-value 
terms the spring constant the far end, for unknown value 
the far end terms the known stiffness S’. The final values are shown 
Fig. 5(c). Typical computations are now given: 


6.92975? 1,241.9 
6,640.2 1,241.9 


this calculation 6,640.2 the spring restraint acting end 
member AB. the sum the stiffnesses the two adjacent members 
and BC. 

Now consider member AE. From the preceding calculation for the 
value equal 8,154.6. This value might also stated re- 
straint coefficient follows: 


8,154.6 


8 


Restraint coefficient 
The value for readily obtained from the following computation, 
inasmuch S’,, the spring restraint acting end member AB’: 


1,241.9 
from which 


8ab = Bec = + 13,568.6 
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and 
0.296658? 13,519.1 
8,154.6 13,519.1 


These computations illustrate the procedure for simple, symmetrical 
truss. Final stiffness values and restraint coefficients are shown Fig. 5(c), 

For more complicated and extended frameworks, Eqs. and may not 
suffice give all the values S’. this case one may resort the final 
moments the bars each joint obtained from the calculations leading 
one determination together with Eqs. and procedure can 
demonstrated the truss Fig. 5(a) the symmetry disregarded and 
the stiffness values are computed from joint joint joint and 
joint From the values joint determined shown previously, 


Step 
Balanced —0.0694 | —0.8914 | —0 0392 | +1.0000 
—0.4809 
Balanced ..| +0.0404 +0.4405 
+0.0182 +0.2803 +0.0217 +0.4022 
Balanced ..| —0 0015 | —00167 | +0.0182 +0.7042 
—0.0204 —0.0106 —0.0243 —0.0138 
Balanced ..| +0.0017 | +0 0187 | —0 0204 +0.6555 
(Cycles through omitted) 
0 0 0 +0.0001 0 
Summation..... —0.4406 +0.2796 +0.0012 +0.5581 
Unbalanced 
moments sede TBA TBE 


Eq. gives 9,271. can also used solve for the restraint 
since the value known. Thus: 


2 


700.0 
Solving, 
12,148.9 


this restraint joint member provided the sum the 
stiffnesses the members and CE. other words, 


0.0392 0.8914 0.069: 
16.1782 0.299572 6.929 
—0.6342 
+0.0249 | +0.5653 +0.0- 
+0.0217 
—0.0009 —0.0193 
—0.0243 
+0.0001 
—0.5997 +0.7858 
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Inasmuch moment coming from joint joint distributed 
joint members and proportion their stiffnesses S’, the final 
Hence: 

0.1861 
0.7858 


15,919 


This process could continued until all the stiffnesses are determined. 
The foregoing values should (and do) check those previously obtained, within 
the limits accuracy the computation used. 


Q 


0.0694 | moment | 0.0841 0.9159 moment | 0.2294 0.2706 0.2706 0.2294 moment 
6.92975 6.92975 0.296658 0.296658 0.299572 0.299572 0.296658 


—0.2670 
70.0440 —0.6342 +0.0612 |+0.0723 |+0.0723 |+00612 |—0 
-0.0015 | +0.0217 | —0.0272 |_—0.2960 | +0.3232 | _—0.0688 | —0.0182_| —0 0812 —0.0688_| +0.: 
0.0148 —0.2127 | +0.0026 | +0.0282 | —0.0308 | +0.0226 |+0 0267 |+0.0267 +0 0226 0226 |—0 
(Cycles 5 through 17 omitted) 
0 —0.0001 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 19 
—0.1861 0 +0.3878 | —0.3878 | 0 +0.1342 | —0.26245 | +0.23975 | —0.1115 0 z 


should emphasized that the method the preceding paragraph 
largely academic, however, since practice, even for the simple truss shown 
Fig. 5(a), one complete moment distribution too long for the purposes 
intended, and small simplified groupings are employed. not proposed 
explore the merits any particular group arrangements comprehensive 
study which has been made ASCE, New York Uni- 
versity, New York, Y.), other than note example arrangement 
for which the results are available the foregoing computations. 


“ “Stability Studies of Structural Frames,” by A. Slavin, thesis presented to New York Univ., New 


York, N. Y., in May, 1948, in partial fulfilment of the requirements for the degree of Doctor of Engineering 


; 
— 
14 
9572 
5653 
— 
)193 
— 
1001 
O00 
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one were interested, say, the restraints the bars immediately con- 
tiguous joint Fig. 5(a), they could approximated stopping the 
moment distribution the first cycle carry backs joint giving 
approximate series subvalues equal +0.2803, +0.0217, and +0.4022 
for BA, BE, and BC, respectively (see Table 2)—or total value 
Physically such grouping corresponds fixing the joints 
twice removed from the joint which the unit moment applied (see Fig. 
5(d)), and such grouping generally gives value the critical load steel 
truss within the true value. The corresponding values the 


stiffnesses and the restraint coefficients are given Fig. 


With the values the restraints known, simple matter calculate 
the reduced length Eq. and Eq. Fig. Applying Eq. 136 
member AB, for example, and using the exact values the restraint factors 
Fig. 5(c), 


not difficult determine from that Eq. satisfied the 

0.697— 
which the effective length factor for bar with end restraints corresponding 
the stresses Table These stresses are for loading condition below the 
buckling load for the truss. the same end restraints continued act AB, 
and the effective modulus Table remained unchanged, the critical load 
for bar could calculated from Eq. and the result would 3,480 
would the buckling load for isolated bar with end restraints and 
indicated. The value has little 
TABLE significance, however, because mem- 
5(a). the loads are increased 


values and for 4.508. From 14, 


values decrease and the effective 
length increases. study the 

and this particular truss, 

Computed from Eqs. and 14. over range multiples the design 


loading increases, the value 
determined from Eqs. 13a and increases. The reduced length varies 
from 0.649 0.716 for member AB, whereas for member varies 
from 0.632 0.702 the stress (3,247 member AB, due the 
buckling load the truss, used Eq. and that equation solved for 
will found that for member practically checks the value 0.716 (see 
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Table 3). the other hand, similar calculation for member gives 
value slightly greater than the value 0.702. 

This fact would seem indicate that member the first member the 
truss fail and that the failure member follows immediately thereafter. 
Actually, all the truss members, tension members well compression 
members, reach neutral equilibrium simultaneously, even though one member 
may weaker than other members when considered alone. extremely 
precise calculation end restraints, effective lengths, and instability loads 
would confirm this conclusion. fact, the phenomenon truss buckling 
beautiful illustration support the theory limit design. truss with 
rigid connections does not fail whole primary instability until every 
reserve that element strength associated with bending resistance 
drained from the stronger members assist the weaker members. 


1.0 


0.9 


Values of & 
Values of r 


0.7 


Load Factor Multiple the Design Ultimate Load 


illustration, the following theorem relating the stiffness criterion 
may postulated: 


Theorem the total stiffness any joint truss becomes 
zero under given loading condition, then the total stiffness 
for other joint also becomes zero under the same loading 
condition. 


This theorem intuitively true because, 2S’, (that is, joint 
unstable), and (that is, joint stable), joint would have 
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unused reserve stiffness which would then dispatch joint through the 
medium the truss framework assist the latter joint and thus prevent 
its instability. Mathematically, the theorem proved follows: Referring 
Fig. and applying Eq. end 


Hence, 
from Eq. 
and 
liminating and from Eqs. and 18, 
Consequently, 


Thus instability one joint accompanied instability the neighbor- 
ing joints, and through all the joints the truss. This statement leads 
directly the statement theorem 


Theorem When truss fails instability, all members fail simul- 
taneously, whether they are compression members, axially unloaded mem- 
bers, tension members. 


Intuition again leads this theorem because, only one member has 
tendency the sense that, considered isolated bar with known 
end restraints, satisfied Eq. 13a whereas other members the truss still 
remained stable, the latter would possess reserve stiffness which they could 
dispatch through the framework the joints the ends of-the distressed 
member. Only when every last bit this reserve has been exhausted will 
collapse All bars will fail once, because each individually will have 
further reserve. 

Mathematically, the proof this theorem contained Eq. 13a, which 
every joint (theorem 1), and Eq. 13a satisfied every bar entering into 
every joint. 

Theorem introduces the new and perhaps startling concept that axially 
unloaded bar rigidly connected truss, bar with axial tensile load, 
can unstable. Eq. 13a, which was set perfectly general way irre- 
spective the presence tensile compressive stresses, applies for all types 
members (with the understanding that different tabular values and 
apply for tensile and compressive stresses). For tensile, axially unloaded 
bars, and are always positive; Eq. 13a will thus never satisfied the 
restraints are both positive, self-evident; hence, tensile axially unloaded 
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bars truss which the point buckling are subjected 
negative end restraints with values that satisfy Eq. 13a. 

Thus the meaning the instability unloaded bar member 
clear. tensile axially unloaded bar will become unstable negative 
restraints exist one both ends, with magnitudes such satisfy Eq. 13a. 
Generally the presence restraint increases stability. Conversely, absence 
restraint decreases stability. There physical reason why the lower 
limit restraint must zero; can also extend into the negative domain. 

the foregoing concept understood, the often-appearing statement 
the effect that the entire truss fails once given powerful meaning and cor- 
roboration, because every joint tends toward infinite rotation, and every 
member (considered isolated bar with its appropriate end restraints) 
becomes unstable. From this point view then incorrect course 
state that one member fails first primary instability, regardless whether 
not has been underdesigned. must kept mind that secondary 
localized failure not being discussed. Actually, such failure would gen- 
erally occur before the truss failed whole. 

This hoss shay” action truss failure due primary instability 
takes place regardless the make-up the members, and consequently does 
not constitute criterion for economy the design. There question 
but that the individual members truss contribute different degrees 
toward producing failure. Any compression member that would fail con- 
sidered pin ended must draw restraint from the adjacent bars; weakly 
designed compression member might indeed tend produce failure draining 
off the restraints from otherwise well-designed framework. Conversely 
diagonal compression members designed foy part-span loadings help forestall 
early failure under full-span loadings, virtue their added stiffness under 
the full-span loadings. 

Since the equivalence the series criterion and the stiffness criterion for 
stability has already been established, corollary theorem may some 


Theorem the series factor, becomes for unit moment applied 

any joint truss under given external load system, would also 

equal the unit moment were applied any other joint the truss 
under the same external load system. 


graph versus the load factor for unit moment applied joint 
the truss Fig. 5(a) shown Fig. the critical load factor 1.0309, 
the unit moment had been applied joint instead, would again 
the value the load factor 1.0309. For load below this 
value, however, the r-curve would have different values from the curve shown 
with the largest r-value for any load factor tends the joint 
the sense that, according Eq. 10, losing its stiffness the fastest rate. 

not important compute effective lengths for any load condition 
other than the critical load for truss, Such procedure was followed this 
paper illustrate one method calculation and, what more significant, 


; 
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show how the effective length varies the loading increased. one has 
determined the buckling load for truss, there absolutely necessity for 
calculating end restraints and then applying Eqs. and 14, for using curves 
such those Fig. obtain the length factor the light theorem 
the Euler equation with the reduced modulus, Eq. sufficient, and much 
easier apply, securing the value for each compression member the 
truss. Even approximate methods are used obtaining the critical load 
employing small groups truss members, conjunction with the 
procedure extrapolation), the values the effective 
lengths failure may determined closely enough for all practical purposes 
from Eq. 

The investigation approximate methods for determining truss buckling 
loads beyond the scope this paper. will some interest however 
know that additional investigation has demonstrated clearly that the buckling 
loads for steel building and bridge trusses, with members having slenderness 
ratios accord with current design practice, are close the loads corre- 
sponding the yield stress the steel employed, that there absolutely 
need for buckling load analyses. The yield strength the ceiling regardless 
whether ordinary structural steel, low alloy steel, silicon steel used. This 
conelusion not true, however, for structural aluminum alloys. 

The development economical design procedures, based current knowl- 
edge buckling phenomena, also matter that cannot discussed detail 
this paper. sufficient state that design procedures should reflect 
conditions that exist ultimate loads, rather than conditions existing work- 
ing loads. Otherwise, factors safety may quite misleading. 

The method presented this paper not the only procédure for evaluating 
end restraints. Classical methods, such those (who 
first introduced the idea spring constants and 
involve the solution simultaneous equations containing the restraints 
unknowns. iteration procedure devised involves the as- 
sumption and successive refinement end restraints, and the results this 
paper check those obtained the same problem Mr. Hsu. complete 
historical statement the various methods relating restraints and stability 
analysis trusses has been 

presented this paper, the method applicable only trusses, where 
the effect joint translation small. should noted that the possibility 
appreciable joint translation such would exist rigid frames, not only 
complicates the analysis but widens the range possible values Although 
the lower limit remains 0.5 (fixed-ended column), the upper limit in- 
creased (cantilevered column). The range loads which buckling 
may take place may increased considerably. 


Method for Estimating the Critical Buckling Load for Structural Eugene Lund- 
quist, Technical Note No, 717, National Advisory Committee for Aeronautics, Washington, D. C., July, 1939. 
Buckling Elastically Encastred Strut,” Prager, Journal, Royal Aeronautical 
Soc., November, 1936, 833. 
11 “Elastic Stability of Members in Trusses,” by P. T. Hsu, thesis presented to Cornell Univ., Ithaca, 
N. Y., in May, 1947, in partial fulfilment of the requirements for the degree of Doctor of Philosophy. 
Plane Truss Frameworks,” Kavanagh, thesis presented New York Univ., 


New York, Y., April, 1948, partial fulfilment the requirements for the degree Doctor 
Engineering Science. 
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APPENDIX 


James’ has demonstrated that, for prismatic bar length 
moment inertia (about the centroidal axis normal the plane bending), 
and effective modulus elasticity and acted axial load the 
stiffness and carry-over factor are follows: 


Carry-over factor— 


Stiffness, far end pinned— 
Stiffness, far end fixed— 


and 
cot 
whereas, for tensile loads 
esch 
and 


which, for compressive loads 
For both tensile and compressive loads 
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DISCUSSION 


Jack Assoc. ASCE.—For their clear presentation 
exceedingly complex subject the authors are complimented. Although 
ultimate failure instability the criterion stipulated the paper, applica- 
tions cases where unit stress controls, rather than instability, are important. 
The unit stress limit merely provides alternate failure criterion. 

The variation stiffness and carry-over factor for columns under loading 
contrasted beams under loading important the design building 
frames. building frames the column loads are almost independent girder 
moments that single adjustment stiffness and carry-over factor 
sufficient elastic analysis. 

Two factors are neglected the authors—influence secondary stress 
moments and moments caused initial curvature. Secondary stress in- 
fluences will affect the buckling load the entire truss. addition, although 
the initial curvature truss members does not influence stiffness carry-over 
factors, does add initial joint moments the moment distribution procedure. 
These moments are approximately proportional the axial loads and can 
the order magnitude 50% the allowable moment the member when 
initial curvatures specified the current tolerances the American Institute 
Steel Construction are used. elastic analysis, these curvature moments 
can significant. Whether not these two influences reduce the buckling 
load truss significant amount deserves investigation. 


ASCE.—Methods investigating the buckling 
stability structural frameworks are basically two types: (a) 
methods” solving the simultaneous transcendental equations which deter- 
mine the buckling load; and numerical methods successive approximation. 
very interesting historical review the former was reported Mr. Kav- 
1948. For customary trusses with considerable number bars 
the classical methods are too cumbersome mathematically. The two numerical 
methods most promising for practical use are: (1) The 
adaptation the moment distribution approach, which the present paper 
based, and (2) the end restraint method developed Method 
(2) has been published part extensive study buckling trusses 
and rigid frames the writer and his The contribution the 
present paper consists showing that the same end restraints which are found 
method (2) can also from method (1). With regard the 
implications these various approaches the following comments can made: 


(1) the Lundquist-Hoff method, ably restated the authors, the 
stability the truss investigated successively increasing loads until load 


Asst. Prof. Civ. Eng., Stanford Stanford Calif. 
Prof. and Head, Dept. Structural Cornell Univ., Ithaca, 


Trusses and Rigid Frames,” George Winter, Hsu, Koo, and Loh, 
Bulletin No. 86, Univ. Eng. Experiment Station, Ithaca, Y., April, 1948. 
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reached for which the truss proves unstable. This procedure brackets the 
unknown. exact critical load between the highest investigated load which 
proved stable and that load which showed bracketed range 
can narrowed only further time-consuming trials. The disadvantage 
this approach that each successive trial gives merely new lower limit 
_for the critical load that the next trial load must guessed, and may prove 
too high too low considerable amount. (There are ways reduce 
the required number trials the Lundquist-Hoff method; since mention 
them was made the authors, they will not discussed here.) con- 
nection with this method the determination restraints and effective lengths 
wholly superfluous, as, fact, stated the authors. After showing how 
compute these quantities, the authors make practical use either them. 

contrast, the end restraint 
gives method de- 
termining restraints and effective 
lengths directly without detour 
through moment distribution. 
These quantities are then used 
critical loads directly. 


under successively increasing loads 


Here, too, the truss investigated 


until the critical load bracketed 
sufficiently closely. However, the 

advantage this method that each successive step gives both upper 
limit and lower limit for the critical load which reduces considerably the re- 
quired number trials. This fact easily illustrated the example the 
roof truss with heavy, suspended ceiling analyzed detail the writer and his 
collaborators,” shown Fig. 

For trial load kips, using end restraints, pertinent information 
was obtained for the three compression members, listed Table which 
the effective length coefficient; the compression force member 
caused the loading kips; the critical load the individual 
member for restraints determined for kips; and the loading 
that would produce bar force (for example, have 177.9 kips bar AB, 
loading kips must applied). Two facts are demonstrated 
Table 

(a) The truss stable 

bar forces are larger than those 


0.685 55.2 74.1 51.0 


are larger than kips. The 
latter value, therefore, lower 
limit for the exact critical load. 

(b) the other hand, the smallest the is, 39.8 
kips—is upper limit for the true critical load because, with increasing load, 


Bulletin 36, Eng. Experiment Station, Ithaca, Y., April, 1948, pp. 45-40. 
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restraints decrease (at best) remain practically constant that, turn, 
effective lengths increase, unless they also stay constant (see Fig. 6). Thus, 
with load larger than kips, say, kips, all will found 
smaller or, best, equal the tabulated values. Hence the corresponding 
cannot exceed those found for kips. 


This particular trial, therefore, was found bracket the exact critical load 
between kips and 39.8 kips, that is, within interval. For practical 
purposes, further trial would needed. 

The reason for condition that with increasing axial load the effective 
rigidities the compression members decrease. the other hand, the 
rigidities the tension members increase, but much slower rate and with 
generally negligible effect. Consequently, with increasing load the truss 
the restraints provided abutting members the compression members 
generally decrease and result decreasing or, best, constant 

(2) Another substantial advantage the restraint method, not mentioned 
the authors, refers the problem design rather than that analysis. 
sure, mathematical sense trusses fail units hoss shay” 
action. The authors state, correctly, that despite this action some “weaker” 
members the truss contribute more limiting its critical load than other, 
more husky members. illustrate: If, the foregoing truss example, the 
critical load slightly more than kips was found insufficient for the given, 
actual design loads, the truss would have redesigned and strengthened. 
Theoretically the strengthening any member will strengthen the entire truss. 
However, more effective strengthen some members than others and the 
designer will want change these members for maximum economy. The 
tabulated values show immediately that for this particular truss the members 
and should strengthened, whereas substituting heavier member 
for would have small effect the carrying capacity. This fact 
evident because, for members and BC, the exceed the actual 
bar forces only slightly, whereas the difference between these values 
exceeds 30% for member BE. The latter, therefore, has excess strength 
which drawn upon members and supplement their own in- 
sufficient rigidity. The determination such rather 
than the determination the “weakest discussed the authors 
important since not joint but member that must redesigned for the 
desired effect. The determination these “weakest members” automatic 
feature the end restraint method and requires additional computation. 

(3) some structures, particularly those subject fatigue, the deter- 
mination actual maximum stresses loads below the critical important, 
and governs design. These stresses will exceed the value P/A lateral 
loads, eccentricities, other imperfections induce bending. Such calculations 
are greatly facilitated determination end restraints for these subcritical 
loads. Corresponding methods (including tables and charts) were reported 
further development the end restraint method. chart the 
general type Fig. also essential connection with end restraint methods. 


Values of 


‘ 
ail 
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However, negative well positive restraints can, and do, occur; and the 
chart developed Cornell University, Ithaca, Y., includes the range 
such negative restraints, contrast Fig. 

(4) stated the authors, the methods the paper apply only 
frames without joint translation. The problem effective length actual 
critical load, however, particular importance for rigid frames not restrained 
against sidesway. Fig. shows the tremendous influence sidesway re- 
straint the critical load simple portal frames, for which 


Hinged Base 


Values 


Values of > 


05 0.6 0.7 08 09 10 0 15 2.0 25 3.0 3.5 4.0 45 


Fia. 8.—Errective ror Frames 
(a) Portal Frame, Prevented 
(b) Portal Frame, Sidesway Permitted 


such restraint provided, effective length coefficients not exceed 0:7 and 
1.0 for the cases fixed base hinged base, respectively; without such re- 
straint the corresponding maxima are 2.0 and respectively. The upper 
correct, therefore, only for frames with completely fixed bases. will 
exceeded considerably for frames hinged only partly restrained the foot- 
ings. The latter condition true most soils. Since buckling loads are 
inversely proportional consideration sidesway buckling paramount 
importance for rigid frames. 


(24) 
3.0 
Lig | I. 
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(5) one their concluding statements the authors seem indicate that 
effective length determinations are for ordinary steel trusses and 
that compression members such trusses can designed the basis yield 
strength without regard buckling. Some skepticism concerning this con- 
tention seems justified. example, the critical load, values P/A for 
the roof truss Fig. 7—with slenderness ratios varying from 145 175 (that 
is, within the range allowed current codes)—range from approximately 
kips per in. kips This range considerably lower than the 
yield point kips per in. for mild steel, not mention the still higher 
yield points that apply the alloy steels mentioned the authors. 
sure, current truss practice usually results smaller slenderness values than 
those this example; and, therefore, the design approaches more closely the 
situation depicted the authors—probably due the overly conservative 
column requirements codes, particularly older codes during whose lifetime 
present design habits have developed. would seem that investigations 
frame buckling such those discussed are justified only they promote the 
establishment more realistic and, most likely, more liberal column design 
procedures. Once such procedures are introduced, much larger number 
structures will have proportions which require reasonably accurate determina- 
tions effective length. codes the United States contain 
reference effective length variation. contrast, the British dated 
1948 makes explicit allowance for this factor, fifteen pages that code being 
devoted exclusively stipulations regarding effective lengths. 


ABRAHAM ASCE.—Average values length reduction factors 
for compression members civil engineering trusses are given 
ASCE, 0.80. The Second Progress Report the Special 
ASCE Committee Steel Column notes that from tests pin- 
ended columns the suggested value 0.78. mentions that 
the for practical end conditions probably lies between 0.56 and 1.00 and 
suggests the value 0.78. For light roof trusses having members attached 
small gusset plates adjacent members less stiffness, proposes the value 
equivalent actual compression member civil engineering structures, 
column with partly restrained ends for which 0.75, the average the 
theoretical value 0.50 for fixed ends and the value 1.0 for pinned ends 
ideal column. Niles, Assoc. ASCE, advises that for airplane 


snend “The Structural Use of Steel in Buildings,” British Standard Code of Practice, CP 113, London, 


Cons. Civ. Engr. and Architect, New York, Y.; Dept. Civ. Eng., 
Brooklyn, Brooklyn, 


- “Die Knickfestigkeit Elasticher Stabverbindungen,” by Friedrich Bleich, Der Eisenbau, April, 1919, 
83. 


Column Research: Second Progress Report the Special Transactions, ASCE, 
Vol. 95, 1931, p. 1201. 


and Structures,” Longmans, Green Co., London and New York, 
. 2, 1937. 


Specifications for Bridges and Structures Aluminum Alloy Leon 
Aluminum Co. America, Pittsburgh, Pa., Revised Ed., March, 1940. 
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trusses welded jointed tubular sections, designed ultimate load formulas, 
the value 0.70 the prime compression member (highest value L/j 
critical load) was practically substantiated static tests failure made 
army airfield United States during 1920 and later. This value practi- 
cally equal that theoretically derived for compression member having one 
end restrained and the other end pinned, although both ends the truss column 
were actually subject intermediate degree restraint. Newell 
reports that, for most the airplane truss frames analyzed, the critical load 
corresponded with the prime compression member having k-value about 
0.70. 

The foregoing results are only few those from numerous reports regard- 
ing restraint coefficients. Perhaps the difficulty, any, that many the 
published column formulas not indicate the type end restraint, and 
assumed that the column furmulas are for the practical compression members 
which may have varying degrees end restraint. fact, the column formula 
specified the American Institute Steel Construction does not indicate the 
type end restraints; and, discussion with well-known structural research 
engineers, the general assumption made that the formula applies practical 
column with definite theoretical value for the end restraints. 

the fourth paragraph their paper, the authors state: 


“It not generally recognized loads are increased frame- 
work, the end restraints acting compression member the framework 
not remain constant.” 


From the experience the writer believes that these facts are fairly widely 
recognized. Computed restraint factors from the stability studies the plane 
trusses three are given The were obtained the 
simple method applying the Euler formula with the reduced modulus. 

The airplane truss Table designed ultimate load formulas, the 
same that used the authors (except for engineering notation) and 
Messrs. Niles and The building truss Squire, ASCE, 
and the highway both designed working load formulas, are included 
technical supporting data for values and illustration the relation 
critical stresses yield point values. For the Howe type building truss 
(studies and Table the interior web members are reversed direetion 
parallel the end posts. this discussion, refers the effective modulus 
evaluated from the basic column formula; the tangent modulus evaluated 
from typical stress-strain curve for structural steel; the double modulus; 
and the elastic modulus. the case the airplane truss, may used 
instead with increase value the critical load only 1.5%. 

For both studies the airplane truss, may taken practically equal 
The first four studies the building truss, and the first study the 
highway truss, the basis the conservative modulus indicate k-value 
close 0.78, which has been suggested instead unity for pin-ended columns 
civil engineering structures allow for the friction the pin joints. For 


Structures,” Niles and Newell, John Wiley Sons, Inc., New York, Y., 
Ed., Vol. 1943, 306. 
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TABLE For TRUSSES 


245.6 Kips 


AIRPLANE TRUSS 


53.4 Kips 
BUILDING TRUSS, Values for Study No. 


128.2 Kips 
6 @ 21'8"=130'0" 


(c) HIGHWAY TRUSS 


VALUES 


Study Design formula Yield 


(a) 


24,307 0.715 19,3204 
1.0452 


24,648 0.758 19,5894 


0.7044 


36,000 0.834 35,681¢ 0.7654 


AREA 36,000 0.847 


All Warren type trusses except studies and Table 5(b), which are type Pounds 


persquareinch. *¢ In the airplane truss, Table 5(a), this becomes member UiU:s. ¢ Values for the member 
with oe ayy ratio Lij. «Old specifications of the American Railwa Engineering Association, as dis- 
rom the 1943 specifications. American Institute Steel Construction. 


U; += 1694 U; U; U; 
Critical 
2 0.701¢ 
(c) 
1 
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building trusses the Howe type (studies and 9), the basis 0.86. 
For the studies using with the exception study the k-values are about 
0.7, the same those evaluated for the airplane truss with the modulus 
concept E,. The restraint coefficients will vary with loading, but the value 
the critical load interest. All the data Table were evaluated and 
compiled prior to, and independently of, the preparation the paper the 
authors and were reported them part the group research work. 

presenting Eq. the authors mention that the tangent modulus now 
generally accepted aeronautical engineers and that has also been accepted 
the Column Research Council the Engineering Foundation. However, 
the computations for the airplane truss, the authors (in applying Eq. 15), 
well the writer, used the reduced modulus Since the effective modulus 
value for computing the critical loads and the corresponding 
restraint coefficients for the compression members the framework, comment 
regarding the evaluation the reduced modulus warranted. The value 
lower than the value the tangent modulus and intended replace the 
Engesser and the von formulas that make allowance for the effect 
the practical column compared that the corresponding ideal column. 
With low value the reduced modulus, the numerical value increased 
and the computed theoretical critical load conservative value. This method 
computing the reduced modulus given Messrs. Niles and 
The report the Army-Navy-Civil Committee Aircraft Design 
also states that the modified Euler formula does not have much practical im- 
portance determining the short column curve, but that practical inter- 
est connection with the determination the effective modulus that can 
used compute instability stresses. N.J. mentions that the specifica- 
tion short column formula establishes uniquely determined connection 
between the reduced modulus and the elastic modulus. Eugene 
Lundquist, Assoc. ASCE, and Claude and Mr. Moisseiff 
and Frederick ASCE, also have used 

Recommendations for the tangent modulus and 
are based the unit columns. The recommendations Mr. 
Shanley are essentially verification the results prior laboratory work 
ideal columns the Aluminum Research New Kensington, 
Pa. suggests expedient estimate the effective modulus 


Airplane Structures,” Niles and Newell, John Wiley Sons, Inc., New York, Y., 
Ed., Vol. 1943, pp. 


Aircraft ANC-5, Army-Navy-Civil Committee Aircraft Design Criteria, 
Ed., Washington, C., December, 1942 (as amended August, 1946). 


Note Inelastic Buckling,” Hoff, Journal the Aeronautical Sciences, April, 1944, 


Theory for Primary Failure Straight Centrally Loaded Columns,” Eugene Lundquist 

Technical Report No. 582, National Advisory Committee for Aeronautics, Washington, 
Elastic Stability Applied Structural Design,” Leon Moisseiff and Frederick 

Lienhard, Transactions, ASCE. Vol. 106, 1931, pp. 1052-1091. 

Modulus and the Strength Steel Columns Basquin, Journal Re- 
search, National Bureau Standards, September, 1924, 381. 

and Holt, Technical Paper No. Aluminum Co. America, Pittsburgh, Pa., 1938. 

" “Typical Tensile and Compressive Stress-Strain Curves for Aluminum Alloy 24 S-T, Alclad 24 S-T, 
Paper No. Aluminum Co. America, Pittsburgh, Pa., 1942. 

Memorandum No. 800, National Advisory Committee for Aeronautics, Washington, C., July, 1936. 
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the basis linear relation between the proportional limit and the yield 
The proposes effective modulus based linear relation between 
seven tenths the yield point and the point, which intended for 
tural steels. seven tenths the yield point value above the known value 
the proportional limit, does not apply and its place the Borkmann 
modulus suggested. the considered judgment the writer that allow- 
ance should made the modulus value for the difference between the 
practical column and the ideal 

the derivation their formulas, the authors use spring constant and 
the applied moment equal the stiffness for the far end fixed. Since 
unit moment applied for each state determine the unbalanced 
moment stability factor the assumption that isa limited condition. 


Critical Load Factor 


Relative Joint Stiffness 


2.53 2.54 
Total Load Factor 


2.55 2.56 2.57 


evident that with increased loading the stiffness the members will de- 
crease, although the same unit moment applied the computation procedure. 
The writer’s computations" indicate that, for the airplane, building, and high- 
way trusses (Table 5), with the far ends fixed (as commonly assumed the 
analysis the entire framework), positive for the loading above the 
determined the stability 1.0. For the trusses Table the 
difference critical load the basis the stiffness criterion and 
the series criterion 1.0 about 17% for the airplane truss, about 0.4% for 
the building truss, and about 1.4% for the highway truss. 

For the building truss Table the relative stiffness the joints under 
increase loading shown Joint has the highest relative 
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ness the design load load factor about 2.52, beyond which, with 
load increase, becomes the joint least stiffness. Thus, the weakest joint 
not the one having the least stiffness the design load but rather the joint 
having the greatest rate loss stiffness with loading increase. The authors 
have also verified this statement with reference the airplane truss. Since 
the joint stiffness the sum the stiffness all members entering the truss 
joint, the data Fig. which are related the truss Table indicate 
that the stocky compression members joint ,which have high unit stress, 
lose their contributing stiffness the greatest rate because the buckling 
tendency under increased and, turn, their respective restraint values 
are also reduced. The total stiffness each joint has been found decrease 


TABLE 6.—Comparison CoLUMNS AND 
CoLUMNS FOR THE MEMBERS 
Havine THE Ratios L/j Loaps 
(Yield Point, Kips per In.) 


(2) MemBer Tress (b) Memper Highway Truss 
Load Stress (Ib P . | Percentage Load Stress (Ib : . | Percentage 
factor per sq in.) Ratio, L/j range* factor per sq in.) Ratio, L/j range® 
2.539 35,455 3.142 0.0 3.142 0.0 
35.680 4.108 +0.63 34.536 3.977 +2.70 
2.568 35,865 6.288 +1.14 2.460 35,425 6.372 +5.35 


* Percentage range in load factor. ° Critical load factor. 


relation the prevalence compression members composing the joint, and 
not proportion the increase loading. 

the paragraph presenting Eq. the authors claim that the buckling load 
civil engineering trusses for fixed-end column may only slightly greater 
than that for the same column with pinned ends. The data Table from 
studies the trusses Tables 5(b) and 5(c) cast some light this question. 
The member having the highest ratio L/j the critical load, the basis 
considered. 

stability computations, for pinned-end columns, and L/j 
for theoretical fixed-end columns. narrow range load factors between 
these two conditions end restraint indicated for the cited typical civil 
engineering trusses. However, noted Mr. actual frameworks 
the end fixity elastic and not perfectly rigid, and the upper limit L/j 
for compression member with both ends rigidly fixed cannot reached. 
The first and last values the data for each truss Table may used 
approximate the buckling load, from which k-values may estimated, since 
there small range load factors between the upper and lower values 
L/j. The data Table also indicate that the critical compressive unit stresses 
are close the yield point. This reasoning does not apply the airplane 
truss Table 5(a), the same sense that applies the airplane truss 
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Fig. because the compression members have high slenderness ratios and they 
fail unit stresses considerably below the yield point. 

Fig. the plot versus the load factor for the airplane truss applies 
unit moment joint With application unit moment joint 
the r-values are lower the equivalent critical load value 1.0 and 
then are higher. For verification the equivalence the critical load, where 
1.0, the unit moment should applied separately each joint which 
compression members enter. will observed that the critical load, where 
1.0, the same regardless the joint which the unit moment applied, 
discussed the authors theorem evident, however, that, for 
truss frame which all members are interdependent, the critical load the 
frame fails unit regardless the reserve strength any members, since 
the continuity the frame destroyed. 

The authors credit Mr. Lundquist‘ for the stability criteria and Mr. 
for his contribution. The analysis method should called the 
Lundquist-Hoff method. Although the work Mr. Lundquist shown 
applicable member groups truss and although may applied the 
entire truss frame, the procedure Mr. Hoff definitely applicable valid 
solution for the entire framework. addition, credit due Messrs. Niles 
and for their moment distribution method which modifies the usual 
procedure. the joint which the unit moment applied, the carry-over 
values are held against further distribution, which thus materially shortens the 
computations for the stability factor 

The authors note that, for compression members steel trusses, with the 
usual range slenderness ratios, the buckling load practically coincides with the 
yield point the steel regardless the end restraints; and therefore any 
elaborate analysis stability and end restraint unwarranted for steel truss, 
well known that steel (whether carbon steel, silicon steel, nickel steel) 
has well-defined yield point and that the elastic modulus the same for all 
regardless the different values for proportional limit and yield point. How- 
ever, the statement the authors should qualified apply civil engineer- 
ing structures designed the basis working load formulas. does not 
apply steel trusses used airplanes, which are designed ultimate load 
formulas and have slender compression members that fail stresses consider- 
ably below the yield point. 

The data Tables and indicate definitely that, for civil engineer- 
ing trusses structural steel, the critical compressive unit stresses are prac- 
tically the yield point. Therefore evident that, for these trusses, 
the necessary stability analysis for the critical load futile. This does not 
apply the airplane truss (as Table 5(a)), because the critical 
sive unit stresses are considerably below the proportional limit. From 
plot column curves for structural carbon steel, for both pinned and fixed 
readily observed that (in the usual range L/r-ratios for 
civil engineering sections) the critical unit stress close the yield point. The 
relation between the buckling unit stress unit structural steel column (of 
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the usual stocky section civil engineering structures) and the yield point 
the material has been discussed for many years. The suggestion has been 
made that the buckling unit stress approximated nine tenths the yield 
point for columns civil engineering structures. also known that 
column, part framework, subject conditions different from those 
the member acting unit. 

Prior investigators, particularly the field aeronautic structures, have 
indicated that, when steel frame being loaded, its compression members will 
drain possible reserve strength from the adjacent members. This fact men- 
tioned the authors and has been independently verified the 
Since previous research reveals that, for unit column the civil engineering 
type, the buckling unit stress close the yield point, intuition follows 
that the buckling unit stress column framework must practically 
the yield point because the stress contributed the possible reserve strength 
the adjacent members. fact, discussions with number structural 
analysts the same general opinion was expressed the writer although was 
not based stability calculations. However, this relation does not apply 
the airplane truss example, used the authors and the writer, and should 
noted that stability analysis required for such structures. The critical load 
factor for the airplane truss cited 1.0309 the paper and 1.0310 according 
the writer—indicating safety factor the basis design load. 
evident therefore that stability analysis required for the airplane truss. 

The authors state that advisable use small simplified member groups 
the truss instead the entire framework determine the critical load, and 
that the illustrative example from arrangement proposed the 
The grouping for the airplane truss shown Because the limited 
size the truss all the members are 
employed when the terminals are twice Moment) 
removed from the joint where the unit 
moment applied. For simplicity 
calculation fixed ends are used through- 
out. The grouping Fig. was rec- 
ommended Mr. Kavanagh because 
was found applicable both aero- 
nautical and civil engineering trusses. 
The calculations for are simple, and 
satisfactory values for result close the true values the critical 
load. Based the generalized application the Saint Venant theory, 
evident that, the farther the terminals are from the joint where the unit moment 
applied, the closer the results will come the true answer. Furthermore, 
the use grouping with terminals twice removed from both ends com- 
pression member requires considerable calculations with different r-values 
each end, the value the equivalence this case, there will ap- 
proximately the same variation from the true critical load for the grouping 
Fig. terminals twice removed, contribution the stability limit 
allowed from the twice removed tension members and from any possible 
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low-stressed compression members. For the grouping Fig. 10, the operation 
applicable only the members that enter the joint where the unit moment 
applied, because moment carried back from the twice removed terminals 
the joints once removed. Denoting the stiffness ratio the members 
S,, instead and, with the carry-over factor, the unbalanced 


Thus, simple instead lengthy moment distribution available 
for satisfactory values 

The developments the authors, and this discussion, are both based 
planar trusses, with buckling within the plane, assuming the effect joint 
translation negligible. 


Jun. ASCE.—An original contribution to, and 
survey of, the various methods determining truss capacities are presented 
this paper. regretted, however, that the authors did not include 
example actual steel truss, preferably indeterminant, order that the 
reader might enabled judge their method applied commonly en- 
countered design problems. 

The paper derives its value from the authors’ presentation method 


handling trusses with rigid joints whose are greater than those nor- 


mally encountered practice, since for the usual truss the authors state (third 
paragraph following theorem 3): 


investigation has demonstrated clearly that the buckling loads for 
that there absolutely need for buckling load analyses.” 


The writer believes that the worth the paper lies the mathematical con- 
firmation the theory limit design originally presented Van den 
ASCE. 

will shown, the writer disagrees with the limitation set the authors 
and believes that there need buckling analysis for trusses with 
slenderness ratio greater than those commonly encountered practice. 
case question, consider the truss shown the example Fig. This 
unquestionably the slender range since the values L/i for its members 
vary between L/i 140 and L/i 170. 

spite the mathematically correct statement the authors that 
when truss buckles all members tend fail (which would 
difficult indeed demonstrate the field laboratory), the writer will 
employ dictum (3), from Mr. Van den paper solve the truss Fig. 


Prof. Civ North Dakota State College, Fargo Dak. 
Limit Design,” Van den Broek, Transactions, ASCE, Vol. 105, 1940, pp. 638- 
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dictum (3) stated: 


n-fold redundant structure, redundants are stressed 
their critical buckling load, the deformations involved are the 
order magnitude elastic deformations until 1)th member has 
reached critical buckling capacity.” 


order provide for the redundants that are produced the moment re- 
straints the various joints, the analyst may use the common design practice 
assuming the effective lengths the members 0.75 L—that is, 


0.75. For members with between 100 and 200, this assumption 


borne out quite well. For less than 100, using the yield stress will 


give excellent results. This agreement with the authors’ recomendations. 
For L/i greater than 200, the structure will probably poorly designed. 
Thus, the assumption redundants incorporated the effective length 
and the designer may proceed the analysis limit design. 

Since the truss shown has redundants, and the problem re- 
solves itself into finding the weakest member—that is, the authors’ 
finding the member which approaches failure the fastest (thus decreasing the 
reserve strength the structure zero) and produces incipient failure. 

Considering the truss loaded with load joint and with loads 0.1 
joints and the individual bar stresses are determined statics. The 
entire calculation shown Table 

The values for the ultimate buckling unit load were taken interpolation 


from data published Mr. Van den Broek. For 100 so, the 


‘ 
will give ultimate unit load approximately equal the yield point 


areas the members and other pertinent data can taken from 
the original Van den Broek paper. 

The authors’ overload factor 1.03 represents difference from the 
result Table Actually, the variation the physical and geometric con- 


Member Stress strength Load factor 
—0.750 P 140 105 24,000 3,200 4.270 1.017 governs 
+0.625 P 149 36.000 4.800 7.740 1.840 
—0 875 P 170 127 19.000 3.520 5.620 1.340 
SE, ED........ +0.450 P 167 eee 36.000 4.800 10,670 2.540 


stants the truss itself likely exceed any error introduced choosing 
L’-value that error. The authors have found that the correct L’-value 
failure about 0.702, This represents difference almost 7%. 


Limit Design,” Van den Broek, John Wiley Sons, Inc., New York, Y., 1948, 
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The tentative conclusion drawn from all this that the theory limit 
design may used for the analysis and design rigid trusses any reasonable 
degree slenderness ratios with the ensuing results close agreement with 
those obtained the more laborious, but mathematically more rigorous, 
method this paper. From the designer’s point view, the paper should 
serve another confirmation the validity and universality the theory 
limit design. should mentioned that the authors’ use the ultimate load 
for design purposes rather than the allowable stress concept shows again how 
rapidly this newer and infinitely more logical procedure taking hold. Let 
hoped that, time, the building codes will recognize least alter- 
nate method design. 

The statement (second paragraph beyond Eq. 2)— 


the abutting members, instead creating end moment the 
compression member starts buckle, may presented 
them the buckling member” 


state the same thing twice—action and reaction, etc. Actually, the 
statement could clarified explain that the abutting members, instead 
impressing moment the compression members one sense before buckling 
occurs, which tends buckle the column, will impress moment opposite 
sense the column after buckles, which tends reduce the degree buck- 
ling. This the same phenomenon which occurs reversed eccentricity when 
testing flat-ended eccentric column. 

the the authors make statement which seems persist 
any discussion about columns. represents confusion physical effect that 
even the Column Research Council has been guilty past occasions. 
state that end restraints decrease and that the effective lengths increase 
loads are increased simply state the same physical effect two 
ways. The stiffness the column may determined using fixed value 
end restraint, say, and considering the effective length, L’, vary; 
the effective length may assumed constant, say, and the degree 
end restraint may considered vary. The stiffness effect the 
example was provided for assuming and 0.75. This was done 
use the results tests pinned-end columns the selection buckling 
unit loads. certainly represents needless complication consider both the 
variation and since they are directly thus: 


The writer should like congratulate the authors their clarity pres- 
entation, and hopes that the closing discussion there will example the 
type mentioned the beginning this discussion. 


authors have summarized, clearly and con- 
cisely, the state the art stability determination currently applied 


Certain Structural Concepts,” Camillo Weiss, Transactions, ASCE, Vol. 
» P- . 


Prof. Aeronautical Structural Eng., Massachusetts Inst. Technology, Cambridge, Mass. 
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Their excellent paper leads the reader the conclusion that stability 
analyses framés trusses involve computations which, although not difficult, 
are tedious. certainly indicates that further research desirable develop 
simpler methods evaluating stiffness coefficients for various members 
various joints. Table which used determining such coefficients for 
loads 1.0119 times those used the basic example," means short, yet 
omits thirteen the nineteen cycles actually made. Even so, yields little 
definite information beyond the fact that the criterion shows the structure under 
investigation stable this load and, hence, that the computations must 
repeated for least one increase load the limit stability 
determined exactly. 

reflection the merit the paper that much work produces 
little actual information. is, rather, indication the present state the 
art, indication that great rewards may had from studies that will enable 
analysts approximate critical loads stiffness coefficients less tedious 
methods. 

Perhaps the conclusion—that for compression members steel trusses with 
the usual range slenderness ratios the buckling stress coincides practically 
with the yield point the steel regardless end restraints—will eliminate the 
need for stability studies for many bridge and building structures. will not 
aircraft design, however, any structure that includes members 
subject local buckling stresses below the yield point the material. These 
constitute important fraction the structures subject stability investiga- 
tions. 

What should regarded the yield point? Van den Broek,“ 
ASCE, has shown test results which indicate the peak the curve before the 
value the desired yield. Many engineers may accept 
this value, the drop-of-the-beam value for mild steels, but what used 
for alloy steels aluminum alloys whose yield stresses are established arbitra- 
rily? 

Theorems and cannot stated with sufficient emphasis. They 
present points which many engineers have never considered, and few have 
analyzed the extent that they clearly understand the action truss when 
reaches condition instability. Whether the the 
criterion used, important realize that truss which has become un- 
stable the reserve strength and stiffness every member and joint have been 
exhausted, the unstable members undergo deflections, and the unstable joints 
undergo rotations, which are not proportional the loads the structure. 
The authors are congratulated the clarity their discussion these 
points. 

Now that they have summarized the long and tedious procedures current 
use, hoped that the authors, others inspired their work, can evolve 
approximate methods which, although they may not eliminate final 
criterion” analysis, will reduce the preliminary trial-and-error computations 
through which the critical load estimated. The current procedure not 
difficult understand, but far too tedious practicable for routine 
application structures having large number members. 


Classic Paper ‘On the Strength Van den Broek, American Journal 
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Jon. ASCE.—It not entirely clear the writer 
what constitutes “primary instability” trusses and would appreciate 
“word picture” illustration further explanatory examples. When truss 
fails primary instability the individual members buckle and tear, and 
why should this any different from what commonly defined the terms 
“ultimate load” and “final failure?” Are primary instability and critical 
load thought precise terms defining predicting the exact loading 
point which the compression members truss will buckle (taking into 
account relaxation end restraint with increase load); and are these terms 
applicable only where the effect joint translation small? 

Compression members for trusses are commonly designed more less 
free-ended columns according empirical formulas. This supposedly pro- 
portions them carry definite load with reasonably known safety. Whena 
truss fails result overload, the exact point and method failure ordinarily 
would impossible predict, most cases. However seems safe assume 
that approximately the same factor safety that applied the design the 
individual members would apply the truss whole. The authors’ in- 
vestigations verify this assumption wide margin for trusses which the 
effect joint translation small and compression members buckle their 
end restraints become less and less with increasingload. The authors state that 
they have found that the limiting load coincides practically with the yield point 
the steel end restraints. Cannot truss compression members 
thus designed for uniform allowable stress the same value that used for 
tension members, plus minimum and thereby dispense with column for- 
mulas for truss compression member design? should borne mind 
compression members cannot reasonably designed have the same ultimate 
strength tension members any case. Such methods design might 
limited trusses with small joint translations. How may designers simply 
determine when truss has joint translations small enough include such 
method design? Could ratio truss deflection divided truss span 
truss depth over truss span, some similar ratio, set define such limits, 
and what would some values for such ratio for small, medium, large, and 
excessive joint translations? such methods design practicable? 

discussing theorem the authors the method applicable 
only trusses, where the effect joint translation and, discussing 
theorem secondary localized failure not being discussed. Actu- 
ally, such failure would generally occur before the truss failed whole.” 
would appear that joint translation and secondary .stresses are likely 
effective factors truss with rigid connections and reserve “elements 
strength associated with bending resistance.” Failure connections would 
generally precede buckling compression members. This can deduced 
logic. Before compression member will fail buckling, must deflect 
more than the full elastic range. approaching this condition the joint dis- 
placements will such that the elastic range the joint material will ex- 
ceeded and the joint will yield. The joint thus functions somewhat un- 
predictable manner, following the magnitude and direction the secondary 
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stresses, and the manner framing compression members. Although 
might argued that such yielding relieves the secondary stresses, nevertheless, 
places the truss one step closer complete failure inasmuch the restraining 
effects the joints might changed and the compression members are likely 
more easily subject failure buckling. Removal the restraining 
effects joints secondary stress failure will involve joint rotation; and, since 
the direction which the buckle assumes immaterial, will naturally form 
the direction the greatest rotation caused the secondary stress failure. 
Thus, the Euler formula factor, might even assumed have value 
greater than 2—if indeed this factor might still considered applicable. The 
factor safety the truss whole may, therefore, somewhat less than 
the factor safety for individual members the case truss with large joint 
translations. This suggests that trusses might grouped into three classifica- 
tions: (1) Trusses with small joint translations which may designed for 
uniform allowable stress; (2) trusses with medium joint translations which may 
designed with the aid ordinary column formulas; and (3) trusses with 
large joint translations which may designed class (2), but with in- 
creased safety factor varying with joint translation. the other hand, all 
compression members truss might designed based given allowable 
stress with deducting factor vary directly with joint translation truss 
deflection divided truss span, truss depth over truss span, including 
perhaps factor based maximum, minimum, average lengths 
fairly low minimum slenderness ratio would specified. 

result further considerations might possible vary stability 
and obtain wider range elastic action preceding failure the limits 
defined primary instability using different materials. For instance, joint 
material might made aluminum, with compression members steel. 
Such joints might simple aluminum blocks standard dimension with 
insulative cover, and with holes for bolts rivets. aluminum truss, 
short steel cover plates might added compression members points 
critical buckling. Trusses built and designed might serve doubly 
useful stiffening trusses for suspension bridges where the dampening value 
truss built materials with different physical properties can utilized 
counteract aerodynamic instability. 

Can continuous trusses and continuous tied arch truss, such those used 
the Dubuque (Iowa) the Mississippi River, properly con- 
sidered the category steel trusses with the usual range slenderness ratios? 
Could not rotation resulting from secondary stress failure added changes 
end restraint, with increase load cause buckling extremely long 
members carrying heavy loads? Such buckling might occur the supports 
continuous trusses, particularly trusses that deflect considerably. 

The writer would most happy designing usual trusses with usual 
slenderness ratios and usual allowances for secondary stress, most 
grateful the authors for giving pertinent factors concerning compression 
members and buckling loads related end restraints truss members. 


and Josef Sorkin, Transactions, Vol. 114, 1209, 
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feels that most designers might find primary instability academic interest 
but difficult study and apply actual truss design problems unless the 
concept leads definite recommendations the form design specifications. 


ASCE.—The contributions the discussers are appreciated. The writers are 
particularly indebted Mr. Newell for focusing attention theorems 
and From philosophical viewpoint, these theorems are extremely im- 
portant. Mr. Winter, the other hand, overlooked this and devoted his 
primary attention advancing the argument that the end restraint method 
method presented the paper. The writers not accept this argument, and 
will refute presently; but, lest the general reader led astray discussion 
techniques, the writers will state this point their frank opinion that there 
advantage using either one the methods presented. Quoting 
from Mr. Newell’s discussion, both are: far too tedious practicable 
for routine application structures having large number members.” 

The paper high lights the need for simple approximate method for deter- 
mining the stability limit for trusses. Mr. Slavin has presented one method 
simplifying the solution. involves the use groups members into which 
the truss may resolved. These groups, which external ends boundary 
members twice removed from reference joint are fixed, are quite satisfactory 
for determining the buckling load within close limits. However, this approxi- 
mate solution not enough simplification for design office practice. 
Further simplifications, such those presented one the writers (Mr. 
Kavanagh) his research presented New York University, New 
York, Y., offer the most promise. The most important these the 
procedure which determines the critical loading from one trial load, which 
the writers feel goes long way toward meeting the objectives set Mr. 
Newell. This procedure will outlined briefly. 

Prior any actual analysis, the limiting range the buckling load should 
established. The following will prove helpful: 


Theorem For rigid-jointed truss framework, the range 
loading between that multiple load which first produces any 
compression member, and that which first produces L/j any com- 
pression member, there can most one critical load. 


Accordingly, once the range loading limits known (and easily com- 
puted), the trial-and-error procedure which characterizes the stability analysis 
can begin any loading this range without fear encountering higher 
buckling loads missing the lowest buckling load. (The exception this 
theorem the pin-ended strut, which has buckling mode L/j and 
another L/j 2x, but this case easily recognized that does not 
impair the general applicability theorem 4.) This range possible limits 
often very narrow make any further formal analysis unnecessary: 


4" Dean, College of Eng., Univ. of Washington, Seattle, Wash. 
48 Prof. of Civ. Eng., Pennsylvania State College, State College, Pa. 
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equal importance, the preliminary survey undertaken set the range 
buckling values gives, once, indication the well 
the also identifies those compression members which 
require restraint (so-called members) and those compression mem- 
bers which actually have reserve strength offer members. 
the end his formal analysis, Mr. Winter discusses facts which most 
analysts recognize the basic procedure setting any problem. 

analysis great number different types practical trusses has 
indicated that satisfactory approximations can attained considering 
groups members, rather than the truss whole. From practical point 
view, however, the time required analyze truss, groups extending more 
than one joint from any reference member joint, usually excessive. 
all the group patterns studied, that group based fixed (or pinned) joints 
once removed from the ends each “buckling” compression member has 
been found give the most satisfactory approximation, and the same time 
offer close approach the physical action restrained member, which 
would desired from design viewpoint. The use fixed terminals not 
essential this procedure, but has been found entirely satisfactory, even 
though slightly the unsafe side, and has the added advantage eliminating 
the need for one set tabular stiffnesses Pin ends can employed 
desired. 

noticeable disadvantage this grouping lies the fact that all adjacent 
members are considered restraining members, even though some might 
themselves distressed compressive members (buckling members) incapable 
offering restraint. improvement accuracy all cases afforded 
modification the grouping more closely estimating the true restraints. 
One selects each buckling compression member (L/j and considers 
restrained each end proportion the 
stiffness all adjacent members (far ends fixed), 
excluding other adjacent buckling members. The 
total stiffness the restraints thus divided 
sensibly among those distressed members actually 
support, line with the true physical 
action the structure. example, the air- 
plane truss would divided into groups centering the buckling members 
AB, BC, and CD, shown Fig. 11. 

Although the proportionment (for example, the stiffness member 
between buckling members and BC) formula may fairly accurate, 
has been found that any reasonable proportionment may assumed. The 
error the proportionment will evident from the presence different 
r-values when unit moment applied joint the group and 
another joint the group This error may readily corrected, 
for has been observed that the geometric mean all the r-values joint 
usually close the true r-value for the joint the truss whole. This 
observation reaffirms observation made the French investigator, Henri 
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who used the geometric mean successfully stability problem 
slightly different character. 

The importance the foregoing method grouping lies the fact that 
the restraints any buckling compressive member for trial loading the 
range possible values determined theorem are primarily tension 
whose stiffness changes very slowly and which may considered constant 
within the range analysis. Accordingly, immediately possible give 
approximate value the true buckling load the truss, once the results (or 
even some preliminary data) are available from immaterial 
which technique employed jump from the trial load the estimated 
critical load; the transition can accomplished the Zimmermann formula 
(Eq. modification the Lundquist procedure, other methods, 
The important fact that the particular grouping allows for substantially 
constant set restraints each compression member within the range 
analysis defined theorem and for the determination approximate 
critical load within the true value. 

For example, applying the data for trial load factor 1.0119 the grouping 
Fig. 11, and arbitrarily dividing the stiffness member equally between 
members and BC, one obtains the calculation Table from simply using 
the Zimmermann formula (Eq. the chart The inequality 
the load factors Table indicates the error the assumed proportionment 
the stiffness member BE. Obviously, member requires more restraint 


Loap (1.0119) 


3 0.1903 
0.685 3,607 1.145 
BC— 1.028 
7,971.8 0.4061 0.745 3,198 0.923 


than member AB, and more judicious proportionment might have been 
assumed, particularly since known advance that the weakest 
member. 

The estimated critical load factor 0.923 1.028—only 0.3% 
less than the true value. 

this date, the method requiring the least number trial loads was 
the Lundquist adaptation the Southwell for determining critical 
loads columns from test data. This technique required minimum three 
trial loads and, all problems worked the writers, proved far too time 
consuming. 


des Poutres Comprimées Encastrées Elastiquement leurs Extremités,” Henri Riviére, 
Aerotechnik (supplement Aeronautique), No. 200, January, 1936, pp. 7-12. 
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Previously this closing discussion, the writers have emphasized the 
philosophical significance theorems From practical viewpoint, 
however, the most important conclusion presented the statement the 
paper (three paragraphs beyond theorem that: 


additional investigation has demonstrated clearly that the 
buckling loads for steel building and bridge trusses, with members having 
slenderness ratios accord with current design practice, are close the 
loads corresponding the yield stress the steel employed, that there 
absolutely need for buckling load analyses.” 


this connection, Mr. Winter states that: skepticism concerning this 
contention seems illustrate his point, uses roof truss with 
slenderness ratios varying from 145 175. Such truss decidedly not 
typical current design practice. The main compression chords most 
bridge trusses have slenderness ratios The slenderness ratios main 
compression members roof trusses little higher, but most 
unusual find chords roof trusses with slenderness ratios greater than 100. 


, in Kips per Square Inch 


Average Stress, 


Slenderness Ratio 


12.—Cotumn Curves ror A-7 


Compression diagonals near the centers trusses often have slenderness 
ratios the range from 100 120, but these diagonals seldom dominate the 
stability the truss. most cases, their working stresses for full-span 
loadings are relatively low. They are governed part-span live loads which 
not result maximum stresses adjacent chord members. 

Fig. demonstrates why the buckling load close the yield strength 
for most steel members. This figure gives the theoretical buckling curves for 


g 50 
f \ \ 
Yield point- 33 Kips per sq in 
27 Kips per sq in 
— 
‘2, 
% 
t 0 40 80 120 160 200 240 280 320 
F 
e 
e€ 
4 


1176 WESSMAN AND KAVANAGH TRUSS MEMBERS 


ideal straight columns A-7 steel, plotted from the Euler formula (Eq. 
which the effective modulus, the tangent modulus: 


4 = ct be be (27) 


The tangent modulus values are shown the curves Fig. for stress-strain 
diagram which based assumed values for the proportional limit 
kips per in., strain 0.0009 in. per in., and yield point kips per 
in. (the minimum specified for A-7 steel) strain 0.0013 in. per in., 
with parabolic variation between these points. The modulus shown Fig. 
the tangent modulus. 

One the curves (Fig. 12) plotted for column with pinned ends; the 
other, for column with fixed ends. Obviously, for column with inter- 
mediate degree restraint, the column curve will represented line 
lying somewhere between the two limiting curves shown. For slenderness 
ratios less than 100, all three curves are close one another and also close 
the yield »oint value. This illustrates graphically that the effect end re- 

straints buckling loads 
columns steel building and 
bridge trusses, 
ness ratios accord with usual 
design practice, small. 
Furthermore, the stresses cor- 
responding the buckling loads 
the lower slenderness-ratio 
range are close the yield 
point that the latter may 
considered practical ceiling 
value for design within this 
range (see Table 9). 

For slenderness ratio 75, 
Table the stress correspond- 
ing critical load for 
average condition end re- 
straint 97% the yield point 

stress. 
0.0010 0.0020 point value slightly the 


Strain, Inches per inch unsafe side. the other hand, 


per in., the actual yield 

point many steel samples generally exceeds 33,000. Working stresses are 
based the minimum value. 

The writers believe that academic make involved stability analyses 

for steel trusses structural carbon steel. The same conclusion holds for 


Yield point 


Proportional 
| 


Stress - strain 


Average Compressive Stress, 0 , in Kips per Square Inch 


ture 

indi 

stre 

are 

str 

sec 

fail 

Ass 

affe 

(fir 

ger 

wit 

de: 

tru 

sig 

pri 


WESSMAN AND KAVANAGH TRUSS MEMBERS 1177 


most silicon steel and low alloy steel trusses. However, Mr. Newell notes 
his discussion, this conclusion not applicable for the type trusses en- 
countered aircraft design using aluminum alloys whose yield stresses are 
arbitrarily. 

Mr. Benjamin states that: factors are neglected the authors— 
influence secondary stress moments and moments caused initial curva- 

indicate clearly what meant 

stress moments.” The moments 
associated with end restraints 
are those which are created 
moments that cause secondary 0.97 
secondary moments are 
much significance members with such large slenderness ratio that 
failure would caused primary instability rather than local yielding due 
localized stress intensity. John Parcel, ASCE, and Eldred 
Assoc. ASCE, indicate that: the ultimate strength practically un- 
affected, even high secondary stresses 

Mr. Fitzgerald notes his belief that the worth the paper lies the mathe- 
matical confirmation the theory limit design. noted the writers 
(first paragraph following Eq. 16): the phenomenon truss buckling 
beautiful illustration support the theory limit Mr. Fitz- 
gerald furthermore presents the view (which quite opposite from that pre- 
sented Mr. Winter) that there need buckling analysis for trusses 
with slenderness ratio greater than those commonly encountered practice. 
Mr. Fitzgerald’s conclusion evidently was based the fact that the usual 
design assumption average value (namely, 0.75) was not far from the 
true k-values obtained the analysis. The writers wish emphasize, how- 
ever, that this would not have been true had the tension members been de- 
signed, say, flat bars capable offering little flexural restraint. 

Concerning the arguments advanced Mr. Winter favor the Hsu 
method calculating end restraints iteration, compared with the 
procedure using moment distribution, can shown that any 
method indeterminate analysis may employed for stability analysis, 
provided the effect axial loads introduced. The moment distribution 
concepts, already widely known and used, require new theory, modifica- 
tion physical ideas, special graphs, formulas, charts other aids for 
their use stability analyses. (Tables modified stiffness and carry-over 
factors are now standard tools for aeronautical engineers beam-column work, 
and even civil engineering texts are beginning include these data.) 
the other hand, many methods indeterminate analysis based “fixation 


0.91 0.77 


Secondary Stresses Upon Ultimate Strength,” John Parcel and Eldred Murer, 
Transactions, ASCE, Vol. 101, 1936, p. 289. 
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the past; vet doubtful these can said have gained 
widespread usage. 

The compactness, neatness, and, above all, the self-contained nature the 
moment distribution process are factors which, the writers’ opinion, make this 
seeming far smoother road travel. Once the moment distribution 
has been set (and all methods require about the same amount preliminary 
setup work), the computation flows simple arithmetical methods 
solution, without distraction from auxiliary equations graphical aids. The 
fact that the entire method centers around single all-inclusive factor, upon 
which one focuses his entire attention during the course the analysis, makes 
this technique far more unified and powerful tool. 

Although the two methods under discussion appear employ different 
techniques, they are fundamentally very closely related, and any investigator 
faced with the need for extended analyses would amply repaid study 
the method which Mr. Winter and his associates have thoroughly explored. 
not correct conclude that moment distribution solution for one trial 
loading gives only the lower limit the Aside from the fact that 
the need for bracketing the critical load eliminated the approximation 
procedure previously described (which yields the critical load immediately), 
bracketing can accomplished moment distribution number ways, 
thus— 


(a) Apply unit moment the end the “weakest” member (usually the 
“weakest” joint), and from the r-values, determine restraints and upper and 
lower limits procedure analogous that indicated Mr. Winter; 

(b) Using purely moment distribution approach, the total stiffness 
the weakest joint zero allowing only the “weakest” member 
vary. Thus, the airplane truss, using the data previously calculated for 


Consequently: 665; 0.0513; and 4.562 for member BC. 


This procedure gives the upper bound the critical load factor 1.10. 
stated, however, these bracketing procedures may dispensed with the 
direct approximation procedure utilized. 

Mr. Dohn states that: 


most designers might find primary instability academic in- 
terest but difficult study and apply actual truss design problems 
unless the concept leads definite recommendations the form design 
specifications.” 


ae Seaticaly indoterinste Frameworks,” by Thomas F. Hickerson, Univ. of North Carolina Press, 
Chapel Hill, C., Ed., 1949. 


“Analysis of Frames Method of Restraining Stiffnesses,” by Earle B. Russell, 
Ellison and Russell, San Francisco, Calif., 


Beam Fixity Method and the Method Moment Distribu- 
tion,” by Erie Shepley, Conerete Publications, Ltd., London, 1942. 


“Rigid Frames,” by L. T. Evans, Edwards Bros., Ann Arbor, Mich., 1938. 
% “Neue Statik der Tragwerke aus Biegesteifen Stiben,” by Max Mayer, Bauwelt, Berlin, 1937. 


Theorie des Eingespannten Balkens,” Ritter, Publications, Inter- 
national Assn. for Bridge and Structural Eng., Vol. IT, 1933, p. 290. 
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hoped that the studies made the writers, and those which are being 
made elsewhere under the egis the Column Research Council, will eventually 
lead definite recommendations which will incorporated design specifica- 
tions and which will reflect, more scientifically, knowledge the behavior 
compression members the different types structures which they 
are used. 


AMERICAN SOCIETY CIVIL ENGINEERS 
Founded November 1852 


TRANSACTIONS 


Paper No. 2420 


AERODYNAMIC THEORY 
BRIDGE OSCILLATIONS 


General equations are derived, expressing the aerodynamic forces lift 
and torque any oscillating section two independent degrees freedom. 
The parameters representing the distinctive aerodynamic characteristics the 
section and the coefficients representing the variation with wind velocity are 
derived from static wind-tunnel tests straight and curved section models. 
The effects vertical velocity, angular displacement, and angular velocity are 
included, well the effects the angle incidence. The complete expres- 
sions for the aerodynamic forces are equated the corresponding expressions 
for the dynamic forces acting the section, including elastic (and 
restoring force, inertia, and damping. The resulting general equations yield 
solutions for all practical problems vertical, and coupled oscilla- 
tions, including analytical determination and prediction frequencies, critical 
velocities, instability response (rate amplification), and amplitude response. 

Numerical examples are given, illustrate the practical application the 
derived relations and confirm the validity the underlying theory. Graphic 
methods are presented facilitate application and visualization. 


INTRODUCTION 
primary requisite for comprehensive solution all problems aero- 
dynamic oscillations the writing the general “aerodynamic” equations 
for the forces and acting any section, together with the general 
“dynamic” equations for the same forces. Once these general equations are 
correctly set up, the rest simple algebra—to determine frequencies, critical 


Nore.—Published October, 1949, Proceedings. Positions and titles given are those effect when 
the paper or discussion was received for publication. 
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velocities, amplification damping, limiting (maximum minimum) ampli- 
tudes, amplitude response curves, and other relations for vertical, angular, and 
coupled oscillations. 

For the complete solution, the aerodynamic equations must include the 
effects vertical velocity, angular position, and angular velocity the section. 

The dynamic equations must include the elastic (and gravitational) re- 
sistance displacement, the inertia resistance acceleration, and the damping 
force resistance (in phase with the velocity). 

Theoretical equations for the limiting case flat plate streamline 
airfoil have been derived Theodore Theodorsen,? Kassner and 
ASCE, and and others, using the methods classical 
aerodynamic theory (based potential flow and the application the Kutta 
condition). 

For the more general case bridge sections and other nonstreamline sec- 
tions for which the Kutta condition not applicable, appears impossible 
write the aerodynamic equations purely theoretical derivation. Some 
the necessary coefficients must supplied experiment. 

Consequently, for practically feasible solution cover all cases, 
necessary deduce rationally the correct general form the aerodynamic 
equations, with the unknown coefficients parameters (representing the 
distinctive characteristics different sections) supplied experimentally. 

Since only the aerodynamic characteristics the section need 
istics the complete unnecessary; simple section models suffice. 
Moreover, the extent that Static wind-tunnel tests reveal the distinctive 
aerodynamic characteristics section, oscillating model tests are not required. 
The thesis that the distinctive aerodynamic characteristics oscillating sec- 
tions can mathematically predicted from the known measurable aero- 
dynamic characteristics stationary section models has now received cumula- 
tive and consistent confirmation. 

Notation.—The letter symbols used this paper follow customary notation 
far practicable. 

Vertical vectors are measured positive upward; angular vectors are measured 
positive clockwise; wind velocity the right, and wind inclination measured 
positive upward. 


Theory Instability and the Mechanism Theodore Theo- 
dorsen, Technical Report No. 496, National Advisory Committee for Aeronautics, Washington, C., 1935. 


ebene Problem der Kassner and Fingado, 
November 20, 1936, pp. 374-387. (‘‘The Two-Dimensional Problem Wing Kassner 
and Fingado, Journal, Royal Aeronautical Soc., Vol. 41, 1937, pp. 921-944.) 

***The Accelerated Motion of a Cylindrical Body Through a Fluid,” by H. Glauert, Reports and Memo- 
randa No. 1215, British Aeronautical arch Committee, 1928-1929, Vol. 1, January, 1929, pp. 118-127. 

Lift and Pitching Moment Aerofoil Due Uniform Angular Velocity Pitch,” 
H. Glauert, Reports and Memoranda No. 1216, British Aeronautical Research Committee, 1928-1929, Vol. 2, 
January, 1929, pp. 636-644. 

Force and Moment Oscillating Glauert, Reports and Memoranda No. 1242, 
British Aeronautical Research Committee, 1929-1930, Vol. March, 1929, pp. 742-758. 

December 20, 1936, pp. 410-424. 


die Entstehung des dynamischen Auftriebes von Herbert Wagner, Zeitschri/t 
Mathematik und Mechanik, February, 1925, pp. 17-36. 
Aerodynamic Theory—Perfect Fluids,” Theodor von and Burgers 
Theory” (W. Durand, editor), 1935, Vol. 
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used this paper, the chord width the section (in feet), and 
the parameters, and are per full width. 

Numeral subscripts distinguish corresponding parameters for vertical and 
torsional oscillations: w:, (and 83) for vertical oscillations; 
(and for torsional oscillations. 


Use Curved principle relativity, the motion the section 
(regarded immersed boundary surface) may translated into relative 
tilt distortion the flow lines the fluid, into contrary relative tilt 
distortion the boundary surface, that either case the boundary surface 
may then treated stationary. 

For parallel vertical motion the section with downward velocity the 
graphic representation (Fig. consists the simple composition horizontal 


uv 


V 


Vertica Motion or Section 


flow lines with spacing 1/V and relative (upward) vertical flow lines with 
spacing this graphic composition, the horizontal flow lines the fluid 
are simply tilted positive angle incidence Instead tilting 
the horizontal flow lines upward, equivalent procedure tilt the section 
downward the same angle v/V; this also given (Fig. the graphic com- 
position the same superimposed flow lines with the direction the vertical 
lines reversed. Accordingly: 


Analogy 1.—The tilting the stationary model wind tunnel takes 

the place vertical velocity the section. 
When the same procedure applied angular velocity the section, the 
graphic representation (Fig. consists the simple composition the hori- 
flow lines with spacing 1/V and series concentric circular flow lines 


VAN 
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with graduated spacing which the linear downward velocity 
the leading edge and the distance any flow filament from the center. 
This graphic composition yields series concentric circular flow lines, convex 
upward. The angular velocity the section thus translated into curved 
field flow, arching wind tunnel, with the immersed section model kept 
stationary and unchanged. Instead curving the field flow, equivalent 
procedure curve the immersed section model equal and opposite amount. 
This curvature also given (Fig. the graphic composition the same 
superimposed flow lines with the direction the rotational flow lines reversed. 
The equivalent warping the immersed section model symmetrical about 
the center angular rotation, with horizontal tangent this center and with 
slope change each end; the radius V/v. Accordingly: 


Analogy 2.—The curvature the stationary model wind tunnel 
takes the place angular velocity the section. 


With curved section model, the more familiar tilted section model, the 
added angle incidence the leading edge remains —v/V. 

For wind-tunnel duplication this condition, the section model must 
warped the circular (or parabolic) curvature indicated above, with horizontal 
tangent the center rotation and the curvature changed for different de- 
sired values the slope the leading edge (angle incidence the leading 
edge equivalent angular velocity section). This curvature called the 
“dynamic camber.” 

The first wind-tunnel tests curved models bridge sections were made 
1947 the Virginia Polytechnic Institute Blacksburg Maher, 
cooperation with the writer. The results yield the needed additional data 
for the analysis torsional instability. 

the absence such tests curved models, the analysis for the effect 
angular velocity has previously been based the static torque graphs 
obtained from straight section models (simply tilted instead curved). 
Qualitatively, the results and conclusions should substantially unchanged, 
since the major disturbance the incident stream flow determined the 
effective angle incidence the leading girder. Quantitatively, the indicated 
correction from straight section models curved section models the 
direction reducing stability torque intensify:.g instability torque. 

should noted that the straight, tilted section model has dual signifi- 
cance. represents the effect angular position, also the identical effect 
vertical velocity, Accordingly, aerodynamic formulas, the two are 
interchangeable; the conversion relation simply The two con- 
tributions may bracketed, the same factors and 
cients applied both. 

The curved section model represents solely the effect angular velocity, 

bolic are for the curvature the model. For higher values the curve 
more accurately catenary, keep the elements the section width unchanged 


| 
—— 


1184 BRIDGE OSCILLATIONS 


length. For the limiting case yielding 90°, the catenary 
becomes folded straight line (zero span, and sag 

Curvature the section model static wind-tunnel tests, the equivalent 
angular velocity the section, (for this application) new concept intro- 
duced the writer. search aerodynamic literature reveals that similar 
idea has been applied the study curvilinear flight The same 
idea, but intended applied analytically instead experimentally, also 
briefly suggested Messrs. Kassner and who state that one the 
terms the lift force due angular velocity airfoil deduced 
replacing the rotating airfoil correspondingly cambered airfoil.” This 
relationship also confirmed comparing the respective aerodynamic 


simple analytic derivation yields parabola for the dynamic 
camber. 


& 


(d/b 0.20) 


Lift and Torque Graphs from Curved Models.—Fig. shows the static lift 
graphs obtained from straight and curved section models, respectively, for 
H-section section ratio d/b 0.20 (approximately the section the original 
Tacoma (Wash.) bridge). The respective slopes are 4.00 for the 
straight model (corrected for drag) and 2.00 (approximately) for the 
curved model. Accordingly, for this section, the vertical lift resultant pro- 
duced given (at the leading edge) due angular velocity approxi- 
mately one half the vertical lift resultant produced an-equal due 

Fig. shows the static moment graphs obtained from the same straight and 
curved section models. The respective slopes are 0.50 for the straight 
model and 1.00 for the curved model (corrected for drag). Accord- 
ingly, for this section, the aerodynamic instability torque produced (at 
the leading edge) twice the aerodynamic instability torque produced 


Curved Models and Its Application the Study Curvilinear Flight Airships,” 
Gourjienko, Technical Memorandum 829 (Pt. and Technical Memorandum No. (Pt. 2), 
ational Advisory Committee for Aeronautics, Washington, C., 1937. 
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Since the lift halved and the torque doubled, the eccentricity the 
resultant (or center pressure) the curved model four times great 
the straight model, the respective values for this section being 84/83 
0.50 (placing the resultant the leeward edge the section) and 


0.06 


+0.04 


Values of Cy, 


Torque curve, 


Torque curve, s2 


Straight model 


~~Curved models 


(d/b 0.20) 
0.125. Accordingly, the ratio M/L for angular velocity not 
the same for vertical velocity angular position. The resultant eenter 
pressure does not remain stationary (along the section) during cycle angular 
oscillation, nor during cycle coupled vertical and angular oscillations. 

shown the positive value and the negative values and 
the section d/b 0.20 vertically stable and torsionally unstable. For such 
sections, the curved model yields increased negative slope torque graph 
1), representing intensified torsional instability. 


5.25 1.10 —1.75 0.55 0.21 -—0.31 | —0.33 0.50 
4.00 —0.50 2.00 —1.00 0.125 —0.50 0.50 2.00 


For torsionally stable sections, typified flat plate, the curved model 
yields reversed slope lift graph (Fig. and reduced slope torque graph 
(Fig. For comparison, the slopes and their respective ratios, for d/b 
(ideal flat plate), d/b 0.02 (flat plate tested), and d/b 0.20, are collated 
Table 
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GENERAL AERODYNAMIC 


For Oscillating the derivation the following aerodynamic 
equations, let: 


initial angle incidence (for the section rest); 
initial static lift 

initial static torque 

vertical displacement; 

dn/dt vertical velocity; 

angular displacement; 

da/dt angular velocity; and 


Then the general aerodynamic force equations for moving oscillating 
section are 
and 


which ..., denote the contributions due ...; and 
M(a), ... denote the corresponding contributions All moments 
are taken about the midpoint the width 

The angular displacement measured from the initial angle incidence 
a;. The slopes and are measured (for small displacements). 

For vertically symmetrical sections, flat plate H-section, 

The ordinates the static lift and torque graphs are and respec- 

The slopes the static lift and torque graphs are follows: 


slope static lift graph, straight model 

slope static torque graph, straight model 
slope static lift graph, curved model 
slope static torque graph, curved model 


The contributions due angular displacement will then 

Similarly, the contributions due vertical velocity will 


since and are equivalent aerodynamic effect. 

Similarly, from the slopes and the static lift and torque graphs 
obtained from the curved model, the contributions due angular velocity 
will 


q 
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which For this case, however, one correction required. 
Referring Fig. the curved model, held stationary horizontal wind, 
equivalent straight model held stationary opposite curving airflow, 
straight model moving opposite curvilinear path straight 
airflow. each case the radius curvature This introduces 
radial acceleration centrifugal force involving the mass the cylinder 
air enveloping the section. This radial acceleration V?/R and the 
resulting inertia force Since this extra force created 
the curvilinear flow motion represented the curved model, must 
subtracted (algebraically) from the lift given the curved model. does 
not affect the moment since this lift correction centered the midpoint 
Consequently the sole effect this correction for centrifugal force 
The contributions due vertical acceleration are 


The contributions due angular acceleration are 


which the effective polar moment inertia the enveloping cylinder 
air. 

Collecting the component values and and substituting 
and 1b, 


and 


which Ci, and are phase-correction factors for the effect time 
lag between any change attitude motion the section and the resulting 
pressures across the width the section. The inertia forces are instantaneous 
with the accelerations that produce them; hence, the terms containing and 
contain phase-lag factors. Similarly initial constant contributions, 
like and contain C-factors. 

Eqs. are fundamental importance. They are the pivotal formulas 
the analysis presented. Theories for evaluating the coefficients C2, 
and vary; but, whatever evaluation those coefficients adopted, the basic 
validity the general equations (Eqs. independent proposition. 

The applicability Eqs. without restriction the form the sec- 
tion and without restriction the nature the motion oscillation the 
section (uniform, irregular, harmonic). Moreover, the section may hori- 
zontally stationary steady wind (as the case bridge) moving 
horizontally relative the wind (as the case airplane); the relative 
wind velocity. 


BRIDGE OSCILLATIONS 1189 


the case harmonic oscillations, the coefficients C2, Cs, and are 


case, the C-coefficients are the vector form, representing 
angle lag equal derived subsequently, the values 
and may calculated and plotted from the pressure distribution graphs for 
the section and from the straight model; Gs, and from 
the curved model). 

all the terms and parameters within the brackets are dimension- 
less. The outside terms may also written terms and 
dimensionless factors. 


(a) Straight model 


(d/b 0.20) Fuat (d/b 0.02) 


For thin flat plate 0), the mass the enveloping cylinder air 
For deeper sections (H, deck, through sections), the corre- 


sponding indicated value 
reduces for the thin plate. 


value one fourth the polar moment inertia the air cylinder, 
one half the moment inertia about the vertical axis. For deeper sections, 


considers that the effective radius gyration based and not 

Because the mass the enveloping cylinder air small comparison 
with the mass the bridge section, the terms representing the effects 
acceleration and may omitted. The correction (if desired) easily 
made simply including and the circumscribing cylinder air 


with sufficient accuracy, also, 


16 
8 
2 
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(L) Curved (b) Curved model 
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the values and respectively. This implies that the frequencies 
and are the natural frequencies still air, not vacuum. The frac- 


Pressure Distribution Graphs.—Fig. shows typical pressure distribu- 
tion graphs for straight and curved model, respectively, for the section 
d/b 0.20, obtained manometer readings static wind-tunnel tests. 
Fig. shows the corresponding pressure distribution graphs for flat plate 
(d/b 0.02). Fig. 8(a) similar the curve pressure distribution 
aerodynamic theory,? except for the correction zero pressure the leading 
edge; aerodynamic theory fails provide this correction. For the curved 
model, Fig. differs from the (symmetrical) curve pressure distribution 
yielded aerodynamic theory, particularly. the region near the leading edge, 
where aerodynamic theory known defective and inconsistent. 

The ordinates the respective graphs are designated for the straight 


model and for the curved model. definition: 


and 


0 
1 
and 


These values and refer the stationary section, and should 
identical with the slopes the static lift and torque graphs (as Figs. 
and Figs. and 6). 

Effect Phase Lag Across the Width the Section—Let total phase 
lag across the width phase lag any element the width and 
abscissa along the width unity). Then, the case harmonic 
oscillations frequency 


and 


0.5p 
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Each pressure ordinate, lags amount behind the respective 
displacement velocity vector that produces it. Hence, for the oscillating 
section, the static ordinates and are replaced the lagging 
static values and are replaced the modified lagging values: 


0 


0 


1 
0 


For each force moment vector the cosine component and 
the sine component. The angle lag the resultant force 
moment vector (G/F). Accordingly, for the force vectors, 


1 1 
0 


0 


1 1 
4 0 


and, for the moment vectors, 


1 1 


i ; (5c) 


1 1 


(5d) 


: 
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the denominators (by represent 82, and and the 


For infinite zero 
¢=0 k=0 


the forces and moments acting the section coincide phase with their 
respective causative displacement velocity vectors, and coincide magni- 
tude with the values given directly the static lift and torque graphs (for 
the straight and curved models) without any correction for phase lag. 


Values 


Values of F 


Values of 4 


The F-graphs and G-graphs for the H-section d/b 0.20, computed 
Eqs. from the pressure distribution graphs Fig. are plotted Figs. 
and 10; and the F-graphs and for the flat plate d/b 0.02, com- 
puted Eqs. from the pressure distribution graphs Fig. are plotted 
Figs. and 12. 
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GENERAL EQUATIONS 


For Oscillating Sections.—The general dynamic equations for symmetrical 
oscillating section are 


Kin 


which and are measured from the initial static and Ki, and 
are the spring constants restoring-force coefficients, and and are the 


and 


Values of 4 


= 
co) 
2 
2 
> 


Values of Nb 


damping coefficients. The terms and are canceled the identical 
terms the aerodynamic equations. For the uncommon case unsym- 
metrical bridge sections, Eqs. require modification including the lateral 
eccentricity the center gravity and the stiffness axis. 

and are the vertical and angular amplitudes, respectively, 


= Ne 
and 
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Values of i 


Values 
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Values of Nb 


Fie. 11.—F-Grapss ror A Fuat Piate (d/b = 0.02) 
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which the phase difference (angle lead the vertical oscillations) 
coupled vertical and angular oscillations. yield 


substituting, 
K, = mo; 
Eqs. reduce 
2 
and 
2 


The structural damping (within cycle oscillation) can represented 
force phase with the velocity but magnitude proportional the 
restoring force (corresponding Mr. Theodorsen and 
yield and for the general case. The form used Eqs. 
meets the indicated requirements. 

Combined Force Equations for Oscillating the aero- 
dynamic forces given Eqs. with the dynamic resisting forces given 
Eqs. the general force equations for oscillating section are obtained; thus, 


2 : 


~ 
>. 


uu **Mechanism of Flutter: A Theoretical and Experimental Investigation of the Flutter Problem,” by 
Theodore Theodorsen and Garrick, Technical Report No. 685, National Advisory Committee for 
Aeronautics, Washington, C., 1940. 
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All the terms are dimensionless form. 

Eqs. are the key equations for solving the various problems aerody- 
namic oscillations. 

Initial Static Lift and initial static values lift and torque 
(L; and zero amplitude are given the ordinates and (Cy); 
the straight model static lift and torque graphs, respectively, the angle 
incidence a;. This angle incidence given 


which the angle inclination the wind and the static pitch 
static angular displacement produced M;. definition, 


positive initial torque augments the apparent angle 
incidence the amount yield the corrected angle incidence 
This commonly overlooked, should considered experimental 
determinations critical angles incidence. The and 
relations Eqs. are written for section model (uniform and a). 
For bridge scale model bridge, has sinusoidal variation and the 
mean value reduced. Consequently, section models and complete scale 
models yield different apparent values critical angles incidence. Incon- 
sistent results, inadequately explained the induced angle correction for 
aspect ratio, may explained the 

The initial torsion and its accompanying vertical deflection are func- 
tions and This explains how change velocity inclination 
the wind may initiate the oscillations structure. 

The values and are aerostatic forces and are balanced the 
equilibrating deflections and restoring forces and evoked the 
structure. Their sole influence aerodynamic relations determining the 
true angle incidence from which the angular displacements are measured 
and which the slopes and are taken. 


1196 
and 
2a P 1 
and 
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Hence, 9°. The initial static torque, this case, increases 
due the positive slope, The static torque thereby increased from 
2,100 ft-lb 4,200 ft-lb. (All moments are “moments per foot 


VERTICAL INSTABILITY 


Vertical pure vertical oscillations (single degree free- 
dom, torsional oscillations either not initiated damped out), with 
and Eq. 10a reduces 


The imaginary terms furnish the equation: whence, 


previously published for vertical with written for 
the identical and with and now taken per full width. The 


4 2 
whence, 


Eq. gives the modified frequency aerodynamic vertical oscilla- 
This modification vertical frequency increases with V/(N 
but only small percentage change—usually negligible. 

Vertical Instability: Numerical H-section d/b 0.20, 
with b?/w 0.268 (hence 0.0206), and 4.00, and using the ordi- 
nates the presented Fig. Eq. yields the vertical instability 
graph plotted Fig. 13. The highest instability range (at zero structural 
damping) extends from V/(N 1.08 2.57, with lower (‘‘subharmonic’’) 
instability ranges V/(N 0.50 0.68, 0.33 0.40, (In the original 


Tacoma Narrows Bridge, with d/b 0.205, the corresponding ranges re- 
ASCE, Vol. 110, 1945, 450, 


Model Tests Predict Aerodynamic Characteristics Bridges,” Steinman, Civil 
Engineering, January, 1947, 21, Eqs. and 


A 
{ 
| 
4 
6; q (Fi 81) (13) 
| 
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corded oscillations were V/(N 0.93 2.35, 0.53 0.89, 0.37 0.43, etc., 
‘representing substantial agreement subject admitted inaccuracy the 
original observations.) shown the graph Fig. 13, this section 
vertically “stable” section—that is, one that stable the high velocity 
(or range, predicted from the positive slope the lift graph 
(Fig. 3). The maximum value (the logarithmic increment) occurs 
V/(N 1.7 miles per for the original Tacoma bridge) and amounts 
0.0152; all ordinates the would proportionately increased for 

V/(N 1.7, representing maximum vertical instability for this sec- 
tion, the graph recorded Fig. gives With these values, 
Eq. yields 1.0026 almost negligible increase above the natural 
frequency 


Values 
' 
@ 


' 
° 


Values of 8 1 


-0.12 


-0.16 


Values of ih Values of a 


H-Secrion (d/b = 0.20) Fiat Piate (d/b = 0.02) 


For flat plate d/b 0.02, with 5.25 and 0.268, and 
using the ordinates the represented Fig. 11, Eq. yields the 
vertical instability graph plotted Fig. 14. With all ordinates negative, this 
graph shows vertical stability all wind velocities. 


INSTABILITY 


pure angular oscillations (single degree 
freedom, vertical oscillations either not initiated damped out), with 


The imaginary terms furnish the equation: 


-0.025 oO if 5 7 
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whence, 


Eq. identical with the equations previously published for torsional 
except that now represented the amplified 


phase-lag factor. This last expression significant. The first term represents 
the integrated effect angular position, contribution previously overlooked 
dismissed apparently canceling out over the cycle. The second term 
represents the integrated effect angular velocity, but now based static 
wind-tunnel tests curved section models. high wind velocities, although 


was previously that value high wind velocities was 
needed order check the known test results torsional oscillations. The 
foregoing amplification the theory supplies this missing factor and yields 
perfect check the recorded results oscillating model tests. 


84; whence, 


N2 2 We F; V 


rule, for negative (torsional instability), high wind 
velocities, this increase torsional frequency may substantial. (In catas- 
trophic vertical oscillations, the corresponding effect would small reduction 
frequency.) 

Torsional Instability: Numerical H-section d/b 0.20 
the and represented Figs. and 10, respectively—Eq. 
yields the torsional instability graph plotted Fig. 15. This graph shows 
catastrophic instability starting critical velocity ratio V/(N 2.50. 
For comparison, Fig. also shows the torsional instability graph recorded 


idity and Aerodynamic Suspension Steinman, Transactions, 


ASCE, v i 110, 1945, p. 460, Eqs. 

1 Tbid., p. 559, Eq. 160a. 

Tbid., p. 563, Eq, 164d. 

Model Tests Predict Aerodynamic Characteristics Steinman, Civil 
January, 1947, 21, Eqs. and 

ASCE, Vol. 110, 1945, pp. 463-465. 
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Louis 1941 from oscillating tests section model the same 
d/b and With indicated vertical shift the experimental graph 
correct for residual positive damping that was overlooked the investiga- 
the two graphs compared Fig. are found almost identical. 
Without the indicated correction, Mr. Dunn’s graph showed critical V/(N 
3.33, which now known have been too high. More recent tests (1945- 
1946) oscillating models the Tacoma section yield values critical 
V/(N 2.50 (at the California Institute Technology Pasadena) and 
from 2.43 2.56 (at the University Washington Seattle), confirming the 
the theoretical graph Fig. and the validity the theory 


0.28 


024 


0.29 


0.16 


N 


& 


Values of 
Values of 6, 
1 


~ Oscillating tests on 
Tacoma section model 


~ 
g 


° 
° 


- 0.2255 
Values of Values of 


an H-Sectrion (d/b = 0.20) Puate (d/b = 0.02) 


represented The striking agreement the slopes the two graphs 
Fig. further confirmation the correctness the theory here presented. 
Without the angular position term and the use the curved model for the 
angular velocity term Eq. 16, the slopes and the ordinates the computed 
would only one fourth large. instability graphs can pre- 
dicted scientifically, Fig. 15, without expensive and time-consuming 
oscillating model tests, the theory justified. 

The indicated critical V/(N 2.50, applied the original Tacoma 
bridge, represents critical wind velocity only 13.3 miles per (at zero 
damping) for catastrophic torsional Such earlier torsional oscilla- 
tions the span the first asymmetric mode were prevented the midspan 
stays until the latter failed. 


= *‘The Failure of the Tacoma Narrows Bridge,” a report to the Hon. John M. Carmody, Administrator 
of the Federal Works Agency, Washington, D. C., March 28, 1941, by a Board of Engineers consisting of 
O. H. Ammann, Theodor von K4rm4n, and Glenn B. W oodruff, Appendix VIII, Fig. VIII-2. 


ASCE, Vol. 110, 1945, 569. 
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V/(N 7.5 (corresponding the wind velocity miles per 
that destroyed the Tacoma span), the graphs Figs. give 0.48 
and With these values and 0.268 (or 0.0206) and 
decrease below the natural frequency For the same section, V/(N 
18.75 (corresponding 100 miles per for the same assumed value N), 
21% increase above the natural frequency. 

For flat plate d/b 0.02, using the and repre- 
0.333, Eq. yields the torsional instability graph plotted Fig. 16. 
With all ordinates negative, this graph shows torsional stability all wind 
velocities. 


Vector Diagram for Torsional terms Eqs. 9b, and 
10b, representing the aerodynamic moments angular oscillations, are shown 
k =) . The (C2 82)- 
moment, due angular position lags amount behind The 


The components along the vertical (imaginary) axis yield 


opposing Therefore they represent positive damping and are 
positive, and negative damping (amplification) and are negative— 
all accordance with Eq. 16. The components along the horizontal (real) 
negative, unless outweighed the term accordance with Eq. 17. 


| 
+. Qa 
----------- }Cose 
Coa 
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AMPLITUDES AND AMPLITUDE RESPONSE CURVES 


Effect Curvature the Static Lift equation the static lift 
graph, straight model, with origin assumed may written the general 
and the slope (s:) a;. the amplitude vertical oscillations, 
and the equivalent abscissa, 


cos dt. Substituting the expressions for and and performing 


ing graph, 


Equating this expression zero determines the limiting amplitude. 

the equation the (in the range traversed) cubic quartic 
equation, terms that equation higher order than may dropped, 
then (for zero structural damping) the limiting amplitude, defined equiva- 


4A\ v 48 


the slope (F; negative, representing instability, Eqs. define 
maximum limiting amplitude, terminating the instability range. the slope 
positive, representing stability, Eqs. define minimum limiting 
amplitude, beyond which potential instability commences. For real values, 
either case, Eqs. 19, 8,) and must opposed sign. The 
usual identification section the graph curving away from the vertical 
axis. section the graph curving toward the vertical axis will not yield 
limiting (maximum minimum) amplitude. 

the limiting vertical amplitude 7,, increases with but 
Eq. 19a, the range along the graph, defining the limiting vertical amplitude 
independent but depends only upon the geometry the graph. 

Extending the AW-integration over segment the span, using the sine- 
wave form, and equating zero, the limiting vertical amplitude 


Hence, 


1202 

m 

g 
V 
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midsegment 


Eqs. are agreement with corresponding equations previously published.* 

Limiting Amplitudes Torsional Oscillations—The equation the static 
torque graph, straight model, with origin assumed may written the 
ordinate and the slope and the equation the static 
torque graph, curved model, with origin may written similarly, 
and the slope the same integration used above for 
vertical oscillations, 


and 


which the angular amplitude and the corresponding abscissa 
the graph. For zero damping (defining the limiting amplitude), 


dropping the terms fourth and higher order, and noting that 


dropped, Eq. 21a may written: 


Analogous Eq. the limiting angular amplitude midsegment span 


will 
Ons = 3 am 3 (21c) 


Eqs. correspond equations previously published,™ with now added 
For the calculated value the limiting amplitude torsion 
thereby multiplied This supplies factor previously missing 
checking the theory against recorded oscillations and adds new confirmation 
the basic validity the theory. 


ASCE, Vol. 110, 1945, 452, Eqs. and 
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For d/b 0.20, the static torque curves (Fig. yield 0.50, 
1.00, and +3.7. Hence, Eq. the limiting segment 
amplitude 0.70 40°, which checks the reported value for the Tacoma 
bridge failure. 


| | 


Maximum limiting amplitude 


| 
Minimum limiting 
—Minimum amplitude ———>4 


Fie. 18.—Lamrminc, Maxtucm, anp Minimum AMPLITUDES 


Limiting Amplitude 


~ 
Values of Cu 


Fic. 19.—Grarpaic Merson ror Liurrina Ampiitoprs 


The limiting amplitudes defined Eqs. and are for zero positive 
damping. Positive damping (structural and friction) will reduce the maxi- 
mum amplitudes and raise the minimum amplitudes. This illustrated 
Fig. 18. 

Graphic Methods for Limiting Amplitudes.—In any lift torque graph, let 
8p, and the respective slopes the center and the ends, and 
any range oscillation, and let the equivalent slope over the range 


a 
| } | 
| a, 
| 
| 
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affected the curvature the graph. Then, Eqs. and 20, very closely, 


This yields simple graphic method (Fig. 19) for plotting limiting vertical 
amplitudes, defined The two points and marking the limits 
the range and spaced equal horizontal distances from are given 
their slopes: 


The limiting amplitudes will then (V/w) am. Fig. yields maximum 
limiting amplitude, and the inverted reflection Fig. would yield minimum 
limiting amplitude. 

The approximate value the coefficient for substitution Eqs. 19, 
may similarly obtained from the geometry the lift graph: 


which any convenient assumed amplitude. The same geometric rela- 
tion applied the two torque graphs yields the corresponding coefficients 
and for substitution Eqs. 21. 

Eqs. and Eqs. are approximate short cuts which may 
ciently accurate for practical requirements. For more accurate determinations 
limiting amplitudes, Eqs. and should used. 

Use Slope Graphs.—Since the significant feature static lift and torque 
graphs appearing the foregoing equations (Eqs. 24) the magnitude 
and variation the slope the graphs, directly indicated geometric device 
the construction and application slope graphs. plotting the slopes 
any lift torque graph the ordinates new curve, the corresponding 
slope graph obtained (Fig. 20). Any range below the zero axis represents 
instability. The four respective slope graphs for any section will referred 
antisymmetrical, the slope graph will symmetrical. the lift torque 
graph cubic equation, the slope graph will parabola. 

The center oscillation marked the curve, for the 
and the and for the and the 

Fig. 20(a), for any assumed amplitude (or 8), the terminal points 
and are marked the curve equal horizontal distances (or 
the chord the vertical through and the middle ordinate 
1MO 


the are PQ. Eq. 24, 


the equivalent slope for the curving range PQ. 

From the horizontal line through lay off the ordinates the 
respective Q-verticals. curve thus obtained the s,-graph, showing the 
variation equivalent slope with amplitude. Since proportional s,, 


3 2 
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this also the graph, showing the variation with amplitude. 
The limiting amplitude occurs where this graph crosses the zero 
horizontal axis; this the point demarcation between stability and insta- 

Fig. 20(a) shows the construction for the general case, with the center 
oscillation off center, angle incidence 

For the symmetrical case, with the center oscillation zero and the 
slope curve symmetrical, the construction simplified (Fig. 20(6)). The 
ordinates the graph (from the horizontal line through are 
simply one fourth the corresponding ordinates the slope graph. 

Figs. 20(a) and are drawn for unstable range, yielding maximum 
limiting amplitude. Figs. 20(a) and are inverted, stability and insta- 


Is 
| 


s-Graph 


Limiting 
amplitude 


(c) 


Fic. 20.—Consrauction or 6-Amptrrupe Grapas rrom Store 


bility are reversed and the intercepted amplitudes are minimum limiting 
amplitudes. 

For all practical purposes, the graph, rule, may taken 
parabola; accordingly, for convenient identification, will referred 
the The base the limiting amplitude (given the fore- 
going formulas constructions) and the altitude the value 
zero amplitude. 

Fig. 20, the (varying with amplitude) are represented the 
ordinates between the and the horizontal zero axis the slope graph. 
the zero axis the convex side the (Fig. 20(c)) the 
nates increase with amplitude and there limiting (maximum minimum) 


a 
| | 
> 3 | 
s-Graph 
2h le a.B 
s-Graph -B 
. | 
3 Limiting amplitude 
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amplitude. such ease, below the zero axis will represent 
catastrophic instability unlimited amplitude, and above the 
zero axis (Fig. 20(c) inverted) will represent unlimited stability. 

Graphic Construction Amplitude Response Curves.—Fig. shows simple 
graphic procedure for plotting amplitude response curve from given 6-graph 


Limiting amplitude(Qz 


Values of =; 
~ 
~ 
~ 
~ 

~ \ 


(for oscillations). The points the are projected horizontally 
give the altitudes the curves. These parabolic curves have 
common the limiting amplitude a,,, determined Fig. 
Fig. 20; and they may drawn simple parabolas or, for greater accuracy, 
their form (with proportional ordinates) determined line 


a 
~ 
\ 
\ 
\ 
' 
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representing the positive damping drawn across the curves, horizontally 
the positive damping assumed constant (independent amplitude). The 
points where this transversal cuts the parabolas give the respective amplitudes 
Using vertical axis V/(N (or any convenient multiple 
the ordinates the required graph. 

the positive damping increases with amplitude, the graphic construction 
illustrated Fig. requires corresponding modification. convenient 
graphic solution illustrated Fig. 22. The constant translated graph- 
ically into the linear variable 7,, (increasing with V/(N and used 
the base the The intersection this parabola the 6,-graph 
gives directly the amplitude response, 


Limiting amplitude . 


Fic. 23.—Graraic Meruop ror TorsionaL Ampiirupg Response 


Comparison Figs. and with known amplitude response curves 
indicates that the positive damping not constant, but increases (at 
diminishing rate) with amplitude. Increase with the square root the 
amplitude suggested. 

The corresponding graphic construction for angular amplitudes illustrated 
Fig. 23. this case, Eq. 16, has two components—the contribution 
here denoted and the contribution denoted that 
The corresponding limiting amplitudes are the constant 
and the linear varying the latter given (Fig. 23(a)) With 
and the respective bases, the and are 
drawn additively (Fig. their intersection gives the resultant limiting 
amplitude a,. The vertical intercept equal the corresponding ordinate 
the determines the required amplitude response. 


| 
6: 
(Qn do 
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The amplitudes given Figs. 23, inclusive, are for section model, 
the mean amplitudes over segment Multiply 4/3 obtain 
the corresponding amplitude midsegment. 

Vertical and Torsional Oscillations, with Damping Included.—Let: 


4 


Then Eqs. reduce 
separate the real and imaginary terms. The imaginary terms yield 


and 


The real terms yield 


which 


e 
8 
2 
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and 


which the last term relatively negligible. Eq. 27d, the coupled 
frequency will normally have intermediate value between and 

With few trial values and interpolating, the values and are 
found satisfy Eq. 27a, and the coupled frequency then given any 
the remaining Eqs. 27. The critical (flutter) velocity then given 


The amplitude ratio (including the phase difference given Eqs. 25, 
yielding 


For zero damping, the foregoing solution simplified dropping the 
and the from the equations. 

Coupled Oscillations with Damping: Numerical shown 
Figs. and 16, the flat plate (d/b 0.02) stable section against both 
vertical and torsional oscillations. Such sections have potential instability 
coupled oscillations. 

The following data are assumed: 


0.867 a, = 0.625 w= 0.0318 = 5.25 1.75 @a@=- 0.33 


Let the structural damping (in both types oscillations) 0.05. 
and therefore lowers 

Estimating short-cut formulas (subsequently presented), the F-values 
and G-values Table 2(a) are read from Figs. and 12, adding 
Hence, interpolation Table 


14.97 


0.504 
7.36 


0.159 


0.349 


miles per hr. either Eqs. 29, the amplitude ratio 
vertical oscillation leads 0.32 0.051 cycle. The center oscilla- 


tion shifted 0.58 toward the leading edge. The complete solution self- 
checking when the two Eqs. yield identical values 


| 

| 
4 

—— 
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For the case zero damping, the solution similar, but with the 
and the dropped from the equations. Somewhat higher values are 
used trial values 0.45, 0.475, and 0.50). The solution yields 


Again 29, the amplitude ratio 0.314 0.0817 


Coupled Oscillations: Simplified Approximate Formulas and Short Cuts.— 
Eq. may written the form: 


which and are known constants the section; thus, 


Without requiring the final value Eqs. offer abridged solution, yield- 
ing values and that are fairly constant over substantial range 
values With and known, the frequency given 27. 
Dropping the small Eq. 27d yields, with sufficient accuracy, 


a2 
and 


—requiring only for the determination and yielding fairly constant 

test the practical accuracy the abridged solutions given Eqs. 
32, they are applied the data the preceding numerical example (using 

and are known for different values and with known from 
Eq. Eq. the true value given, with sharp definition, ap- 
plying the relation (from Eq. 


2 82 

With generally negligible comparison with Eq. may reduced 

— 
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This computation illustrated Table 4(a) application the data 
the preceding numerical example, from which the true value found 
0.349. 

Dropping the relatively small term Eq. yields, approximately, 


TABLE 


(a) From Figs. 11 and 12 


Upon substituting the expressions for and and dropping the minor 
terms, Eq. yields 


which, for zero damping, reduces 
2 


Eqs. offer short cut for preliminary approximate estimates For the 
data the preceding examples, the results are listed Table 4(b). With 
1.41, the approximate value 0.346 (instead the true value 
0.349) yields 83.5 miles per (instead the true value 
miles per hr). 

may written terms the ratio vertical torsional insta- 
bility (or stability), given Figs. and 16. and 16, 
for zero damping, 


FP; ( a: ) 
With damping included, 
F; ( G2 ) F 


The added factor indicates the reduction (increase structural 
damping. 


0.970 1.015 2.690 0.935 0.170 —0.025 0.475 0.285 
0.963 1.023 2.668 0.917 0.197 —0.037 0.534 0.323 
0.953 1.032 2.633 0.895 0.224 —0.050 0.600 0.364 


J2/k 
H 1 

Ratio, 

0.30 
0.35 
0.40 0.5: 

Substituting Eq. the expression for Eq. 31b, Eq. 35b becomes 
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For the physical significance the ratio recurring these formulas, 
2 
2 
such section would unstable (for coupled oscillations) all wind velocities. 
the difference between the frequencies reduced, the critical 
velocity lowered. Actually the lower limit given the discriminant 


OSCILLATIONS WITH DAMPING 


(b) Eqs. 


0.556 3.241 
0.552 2.763 
0.551 2.398 


0.514 
0.504 
0.499 


—0.269 


21.71 
16.56 
13.12 


33.80 
25.92 
20.22 


—20.02 10.27 
7.30 
5.38 


exceeding the differences between the frequencies were reversed, with 
exceeding then would negative and, Eqs. 37, would imagi- 
nary, indicating that the section would stable, with critical velocity 
which self-excited coupled oscillations could develop. 


TABLE OscILLATIONS WITH DAMPING, 
APPROXIMATE METHODS 


X2, 


True value: 
0.349 


Trial 
k 


Xi, 


33.80 
25.92 
20.22 


Eq. 


4.54 


0.953 


1.085 
1.106 


Pa 


1.015 
1,023 
1.032 


Eq. 31b | Eq. 35a 


7.65 0.344 
7.50 0.346 
7.45 0.346 


Coupled Oscillations: Comparison with the Theodorsen Equations.—For the 
same applications coupled oscillations, Mr. Theodorsen’s equations yield 
lower values and corresponding higher values the critical velocity 
Part the difference due the application real section (d/b 0.02), 


Ratio, 
285 105.77 0.30 
77.94 0.35 
64 59.42 0.40 
Xi, Xi, Xs, 
0.30 0.514 —14.88 7.65 1.41 —0.031 —-14.91 7.50 141 
0.35 0.504 7.52 1.41 7.36 1.41 
0.40 0.499 —14.92 7.45 1.41 —0.269 7.21 1.42 
| | 0.504 —14.94 7.36 1.41 —0.159 —14.94 7.36 141 
0.40 13.12 
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instead idealized case with and If, however, the 


Theodorsen coefficients (c, are substituted for the writer’s 
4 


general coefficients C2, Cs, and C,), and the classical values 
and used, perfect check obtained. The writer’s equations for coupled 
oscillations (both exact and simplified) provide convenient and completely 
generalized solution for the application any the theories. With the other 
sets coefficients substituted, their unifying relations and identities permit 
still further simplification the writer’s formulas, yielding solutions maxi- 
mum simplicity for the problem coupled oscillations, problem commonly 
regarded recondite and formidable. 

Instability Graph for Coupled critical velocity yielded 
the equations for coupled oscillations the wind velocity zero net amplifica- 


Values of 1 


> 


Values 


critical velocity computed for any given value the (positive) structural 
damping also the wind velocity that produces equal negative damping 
potential amplification ratio calculating the critica] velocities for 
different values the instability curve for coupled oscillations obtained. 

shown the preceding section, the approximate short cut, Eq. 35a, 
yields solution very close the exact values. This provides quick method 
for computing and plotting the instability graph (or negative damping curve) 
for coupled oscillations. 

Coupled Oscillations: Instability Graph (Numerical the same 
section (d/b 0.02) and data the preceding examples, with trial 0.30 
for the new values, Eq. 35a yields the values shown Table for the 
different values and Eqs. yield the corresponding values Plotting 


0.30 
0.25 
0.20 | 
= 1.39;93 mph) 
0.10 
| 
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these values, the instability graph for coupled oscillations will shown 
the table. 

Coupled Oscillations Spans with Vertical and Torsional Modes Dissimilar. 
preceding analysis for coupled oscillations, derived for unit section, 
valid for complete bridge provided the vertical and torsional wave forms 
are practically similar over the span spans, with common nodes, that the 
amplitude ratio uniform throughout the length. the vertical and 
torsional modes differ materially, correction required the analysis. 

The two force equations for unit section, such Eqs. 25, may 


0—for the vertical and torsional forces, respectively. 

tions, and and are the respective (dissimilar) wave forms (along the 
span spans). The virtual work done the vertical and torsional forces, 
respectively (in element time), over the spans will then 


L L 
0 


L L 
= Brutus + Brusdus o2:¢2dz = 0 
0 0 


Write the numerical expressions for and normalized form 


0 0 0 


from Eqs. 25, 


U uw = ( = us 
Proceeding with the solution Eqs. 25, duplication Eqs. 
obtained, with U-terms added the expressions for and (also 
Eq. 29) the sole modifications: 


and 
and 
and 
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—and Eq. replaced 


ue 
For the case which vertical and torsional modes are similar, and 
and reduce the simpler ones previously derived. 
Coupled Oscillations with Dissimilar Modes: Numerical Example.—Let the 
span lengths equal 2,800; 1,100; and and let the wave 
forms 


Vertical mode—main span: 
Vertical mode—side spans: 
Torsional mode—main span: 
Torsional mode—side spans: 


normalize these expressions: 


0.830 

0.835 


0 


For the section data the preceding examples (d/b 0.02), with zero 
damping, the solution including the U-correction, using Eqs. and 40, yields 


CoNCLUSION 


General expressions have been derived for the aerodynamic forces any 
oscillating section and for the opposing dynamic forces. The resulting general 
equations yield solutions for all problems vertical, torsional, and coupled 
oscillations, including analytical determination and prediction frequencies, 
critical velocities, rate amplification, and limiting amplitudes. Maximum 
simplicity and practical applicability have been the governing considerations. 
Numerical applications, graphic methods, and simplifying short cuts have 
been included. 

The methods classical aerodynamic theory are limited idealized stream- 
line sections and are not applicable other sections, such practical bridge 
sections. order overcome this limitation and secure complete gener- 
ality application any form section whatsoever, the unknown parameters 
and coefficients the aerodynamic equations are supplied static wind-tunnel 
tests section models, using tilted straight models represent the effects 


q 
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vertical velocity and angular position, and horizontal curved models repre- 
sent the effects angular velocity. With the use curved models and the 
added consideration the effects varying angular position, the results 
prior analysis the problem bridge oscillations have been extended and 
amplified toward greater finality and verified validity. 

The coefficients representing the correction for phase lag have been derived 
simple, general form from the pressure distribution graphs for the straight 
and curved models, simply applying the pressure ordinates the progressive 
phase difference across the width the section. classical aerodynamic 
theory, the corresponding coefficients (for the limited case ideal flat plate 
streamline airfoil) are derived from the theoretical discontinuity vortex 
sheet extending from the trailing edge the section infinity, that the 
coefficients theoretically represent function the complete past history 
the motion the oscillating section. The coefficients derived the two 
different concepts are not identical. The classical derivation not applicable 
nonstreamline sections, and method adapting fit the known 
behavior nonstreamline sections apparent. The coefficients derived 
the simpler concept fit the known behavior nonstreamline sections. The 
equations this paper, however, are written completely general form 
retain their usefulness and validity for any substitution coefficients derived 
other theories, existing anticipated. 

The analysis here submitted believed the first generalized aero- 
dynamic theory oscillating sections, not limited sections any one type. 
also believed constitute the aerodynamic theory bridge oscillations 
brought greater completeness and generality than any prior presentation. 
submitted the profession order that constructive review and discus- 


sion may further advance the solution the problem toward definitive com- 
pleteness and finality. 


‘ 
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DISCUSSION 


Davip ASCE.—The writer had the privilege discussing 
and checking much the author’s work during the preparation the paper, 
which was completed essentially the present form early 1947. The author 
has combined extensive research into the fields aerodynamics and vibrations 
with his knowledge suspension bridges. This paper presents reliable and 
practical analysis. The following discussion will further confirm the validity 
using tests static models. 

oscillating suspension bridge under the action elastic, inertia, 
damping, and aerodynamic forces. The elastic and inertia forces may com- 
puted accurately, and the natural modes vibration resulting from these forces 
have been obtained several investigators and verified model tests. The 
structural damping forces are more difficult determine, since models not 
simulate the true conditions the prototype. Fortunately conservative 
assume limiting case damping. 

The aerodynamic forces thin airfoil oscillating ideal fluid have 
been obtained theoretically. Theodor von Hon. ASCE, and 
Sears* have shown that these forces may resolved into three components 
follows: 


(a) Forces that would produced the wake had effect, called 
forces; 

Forces produced the reaction the fluid accelerated the motion 
solid body, “apparent forces; and 

(c) Forces that depend the vorticity distribution the wake. 


The forces group (a) are readily obtained wind-tunnel tests straight 
and curved models under steady flow conditions. The forces group are 
phase with the inertia forces acting the oscillating mass the structure, 
and are negligible comparison for suspension bridges. The forces group 
(c) may evaluated theoretically for thin airfoil, but similar analysis for 
suspension bridge cross section appears impossible. 

The theoretical thin airfoil, shown Fig. 24(a), has lift force 
acting the quarter chord point. Similarly, the curved thin airfoil Fig. 
24(b) has lift force acting the midpoint. These theoretical 
forces differ slightly from experimental values because the airflow tends 
separate from the leading edge thin plate violation the assumed condi- 
tion rounded leading edge. For the conditions shown Fig. 8(b) the the- 
oretical pressures are negative all points, and are symmetrically distributed 
the ordinates semi-ellipse. The positive experimental values shown re- 
sult from flow separation the corner the leading edge, and this condition 
also exists for practical bridge roadways. 


* Head, Dept. of Aeronautical Eng, Pennsylvania State College, State College, Pa. 


Theory for Non-Uniform Theodor von and Sears, Journal the 
Sciences, August, 1938, 379 
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For the oscillating thin airfoil, the effective angle attack decreased 
because the vertical velocity The vertical velocity varies across the 


width, and has value the third quarter chord point, which 


(a) 
2 
(d) 


determines the angle attack the airfoil. The effective angle attack 


therefore Substituting this value for the lift force Fig. 
the following value obtained: 


The effective angular velocity the midchord point equal From 


the author’s discussion curved models, this equal with shown 


Fig. 24(b). The following lift force resulting from the effective angular 
velocity obtained from Fig. 24(b), thus: 


The last term Eq. represents the “apparent mass” effect, and equal 
the inertia force cylinder air diameter The other terms and 
are quasi-steady forces, which the author obtains from wind-tunnel tests 
static models similar those shown Figs. 24(a) and 

When airfoil suddenly moved that the lift changed, vortex 
shed from the trailing edge, and this vortex moves downstream with the fluid 
shown Fig. The lift the airfoil does not reach its final value until 
this vortex has moved infinite distance downstream, and the lift consider- 
ably smaller when the vortex near the airfoil. The vortex trail behind 
oscillating airfoil shown Fig. 24(d), and the reduction lift, resulting 
from this vortex trail, may expressed the following form: 


- 
7 
, 
j 
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The term evaluated Theodore Theodorsen* considering the vortex 
trail between the trailing edge and infinity; thus: 


These integrals are evaluated Bessel functions. Numerical values 
have been plotted for values b/(2 Mr. Theodorsen, and 
have been reproduced Friedrich Bleich,” ASCE. 

The total lift force obtained the sum the components, and 
follows: 


Eq. 45, obtained combining the steady flow conditions Figs. 24(a) and 
24(b) with the wake effects Fig. 24(d), corresponds with the values obtained 
Mr. Theodorsen and other investigators from considerations the velocity 
potential for unsteady flow conditions. This verifies the author’s procedure 
using static models obtain the quasi-steady forces. 

The forces resulting from the wake vorticity will considerably different 
for bridge cross section than for airfoil. Eqs. and are derived for 
airfoil assuming that the Kutta condition, which the flow leaves the 
sharp trailing edge, satisfied any instant. For oscillating bridge cross 
section with blunt trailing edge, the trailing vortices may shed various 
points. The author has evaluated the wake effects from the pressure distribu- 
tion static model, considering phase lag. This procedure involves more 
approximations than were used obtaining the quasi-steady forces, but ap- 
pears the best method available for evaluating these effects. 

present, two methods are available for calculating aerodynamic forces 
oscillating bridge sections. Mr. uses the basic forces for thin airfoil 
and superimposes alternating force that must determined empirically from 
dynamic model tests. This method applies only open truss structures which 
approximate flat plate. The author determines all forces from static model 
tests, and thus obtains solution which applicable all cross sections, in- 
cluding girder-stiffened roadways. 

reviewing the present state knowledge suspension bridge vibration 
analysis, appears that designer who makes use the available theory may 
confident the safety his structure. Static models should tested care- 
fully. The models should span between walls the tunnel insure two- 
dimensional flow. Since flow separation effects are important, the Reynolds 
number for the model flow should correspond with that for the prototype. 


Bleich, Transactions, ASC 
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Tests dynamic model the final structure are probably advisable order 
verify the calculations aerodynamic forces. 

Since aerodynamic forces cannot obtained exactly, some conservatism 
the design for wind forces desirable. However, seems overconservative 
revert the heavy types stiffening trusses which were used the early 
1900’s. such conservatism substituted for scientific analysis, forty years 
progress suspension bridge design will have been lost. 


ALEXANDER sheer virtue necessity, aeronautics leads the 
field its knowledge aerodynamics and its powerful methods attacking 
problems oscillation. For example, the study wing flutter, the aero- 
nautical engineer considers the following factors: Mass, moment inertia, 
elastic resistance distortion, gravitational resistance displacement, internal 
friction the material, aerodynamic forces, and damping moments and their 
changes with vertical and angular velocities. must make full use the 
wind tunnel, force and oscillation tests, using specially constructed models 
which follow the laws dynamic similarity. When has written down the 
long, complicated equations, finds that they cannot solved because aero- 
dynamic forces vary the square the velocity, and the differential equations 
are longer (alas) linear differential equations with constant coefficients. 
then introduces the powerful idea which render the 
equations tractable. When attempts are made deal with aeronautical oscil- 
lation problems “short-cut methods,” these methods fail. apparently 
essential make complete, recondite analysis, take all factors into account, 
and study which the bugbear electrical well aero- 
nautical engineering. 

From the writer’s reading the subject bridge oscillations, has the 
impression that civil engineers have tried solve such problems simplified 
methods, without sufficient aerodynamic data, and have failed. 

The great merit this paper lies the fact that the author has boldly, and 
with originality, adapted aeronautical methods, both experimental and analyti- 
the problem bridge oscillations. The writer satisfied that the 
methods which proved sound aeronautics have been correctly and carefully 
adapted this paper. Thus, perhaps for the first time engineering literature, 
paper has provided sound basis for the study bridge oscillations. 


ABRAHAM ASCE.—The subject matter this paper essenti- 
ally related aerodynamic stability bridges, although completely gen- 
eralized for applicability other types section. The author had previously 
developed simple criteria and formulas for determining the aerodynamic 
stability suspension These simple criteria are particular sig- 


Editor, Aero Digest, and Editor, International Handbook Aeronautical Eng., Green- 


Cons. Civ. Engr. and Architect, New York, Y., and with the Dept. Civ. Eng., Polytechnic Inst. 


110, 1945, p. 439. 
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nificance and considerable practical The paper under discussion 
continuance this pioneering work and notable contribution engineer- 
ing science. represents creative research work solving new and critical 
problem with which the profession has been dramatically confronted. full 
appreciation the analytical and practical significance this important con- 
tribution, should recognized that the first complete theory aero- 
dynamic oscillations which has the following pertinent features: 


(a) not limited streamline airfoil sections and idealized thin plates 
but applicable all bridge sections whatever type form, including flat 
plates, girder-stiffened sections, truss-stiffened sections, and all modified 
combination sections; 

not limited coupled oscillations (as airplane flutter) but also 
covers vertical oscillations and torsional oscillations (which are the known 
forms bridge instability); 

(c) not limited determining critical flutter velocity but also deter- 
mines and predicts critical velocities and, addition, negative damping, rate 
amplification, limiting amplitudes, and amplitude response all wind 
velocities 

(d) does not require oscillating model tests, which are costly and time 
consuming, but instead determines all necessary constants any section 
simple static tests small-scale section models; and 

(e) independent the known defects and inconsistencies conven- 
tional aerodynamic theory. 


Those who have sought apply conventional airfoil theory bridge sec- 
tions have overlooked the fact that the conventional theory assumes rounded 
leading edges and sharp, tapering trailing edges, and any attempt apply the 
theory bridge sections even thin flat plates introduces material errors 
the region the vicinity the leading edge. should evident 
that such reasoning, although perhaps excellent for mathematical exposition, 
does not apply the structural sections bridges. The nonstreamline sec- 
tions bridges not fit the classical derivation, aerodynamic theory, 
the behavior the streamline sections. 

this paper, the author has combined aerodynamic science, vibration 
theory, and bridge dynamics, create new scientific approach the prob- 
lem bridge aerodynamics. The resulting contribution technical achieve- 
ment that the highest practical usefulness. 


Jun. ASCE.—These studies aerodynamic theory 
and stability related bridge oscillations, and particularly related 
suspension bridge oscillations, are stimulating. They point way toward the 
design aerodynamically stable bridges with minimum material for maxi- 
mum stability. However, many engineers (and even those who may have 
frequent occasion design such bridges) will probably feel hard pressed 


“Rigidity and Aerodynamic Stability of Suspension Bridges,” by D. B. Steinman, Transactions. 
ASCE, Vol. 110, 1945, pp. 572-574. 


575, Eq. 177. 
™“ Engr., New York, N. Y. 
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follow all the masterful mathematics involved and will look the author for 
the simplifying concluding recommendations specifications. 

The method predicting aerodynamic behavior described, although 
largely analytical, requires tests section models. Data are presented for 
section consisting side girders and solid roadway with ratio d/b 0.20, 
and also for section that essentially flat plate with ratio d/b 0.02. 
The former section proves unstable section and the latter section 
stable one. probably not widely appreciated fact that truss systems can 
also aerodynamically unstable and, hence, that data demonstrating stability 
and unstability truss sections would particularly pertinent. Would data 
for girders with d/b 0.20 correspond truss sections with d/b 0.40, 
might inferred from the author’s previous presented 1943? The 
bulletin wind-tunnel tests suspension bridge section models the 
aerodynamic laboratories the Virginia Blacksburg 
contains experimental data for wide range for both girders and 
trusses, and also various slotted and finned sections. This bulletin contains 
good explanation the causes aerodynamic oscillations and arrives 
interesting conclusions. For roadway and girder sections, appears that 
with d/b 0.075 and 0.05 for deck girders are both torsionally and 
vertically stable. For greater lateral slots and fins are recommended 
eliminate torsional and vertical instability, and many practical stable 
aerodynamic sections are presented. 

The nature and distribution the basic pressures which are the cause 
the phenomenon aerodynamic oscillation are illustrated Although 


Normal streamline 


Displaced streamline Sub-atmospheric pressures 
Resultant force 
(a) STREAMLINES FLOW PRESSURE PATTERN 
ABOUT UNSTABLE SECTION UNSTABLE SECTION DEFLECTING 


(b) PRESSURE PATTERN PARTIAL STREAMLINING 
UNSTABLE SECTION REST PRODUCE MORE STABLE SECTION 


they are not conclusive, verified, complete any means, they are illustrative 
how movement the H-section, Fig. 25(a), causes displacement 
the streamlines and change the pressure pattern from that Fig. 
that Fig. 25(c), thus amplifying the movement deflection and building 


Estes, and D. B. Steinman, Bulletin of the Virginia Polytechnic Inst, Eng. Experiment Station Series No. 69, 
Blacksburg, Va., September, 1948. 
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oscillations. For shallow girders and wide roadways the effect deflection 
angle and the pressure pattern proportionately less. outside 
projection cantilever increases the distance (Fig. 25(c)) that any de- 
flection will cause relatively smaller angle 

the case unstable section, such that illustrated Figs. 25(a), 
25(b), and 25(c), reduction pressure the one surface, due streamline 
displacement, greater than any change pressure the other surface. 
The net induced force the direction the movement the deflection 
the section, and oscillations are built amplified. The limiting amplitude 
these oscillations may now determined from wind-tunnel tests and the 
presented theory. The streamlines flow different distances from the 
section will deflected varying amounts and difficult evaluate 
the mass air undergoing change velocity and direction given time. 
Furthermore, eddy currents are formed the wake the section, altering 
the nature the circulation air about it; addition, friction losses well 
turbulence are present. Hence, wind-tunnel tests are necessary for quanti- 
tative results. The study the nature the flow about the section, however, 
serves qualitative guide design. 

the case deck girders the vertical difference pressure due move- 
ment accentuated the greater change curvature the streamlines, and, 
hence, the deck girder type section more unstable for given ratio d/b. 
Fig. 25(d) illustrates way obtain streamlining limited nature 
varying the depth roadway stringers obtain stiffening action. This 
section followed from direct study streamlines and would not otherwise 
section design which can checked quantitatively wind-tunnel tests and 
calculations limiting amplitudes for specific design, following the aero- 
dynamic theory bridge oscillations presented. 

appears that, from the standpoint aerodynamic stability, the best 
roadway section for suspension bridge would flat plate section. Where 
ratios live load dead load are small and where further stiffening 
required prevent uncomfortable cable distortions due live loading, such 
sections are also aerodynamically stable. bridges requiring stiffening 
girder, such girder could separated from the floor system, thus providing 
flat plate type floor system. separated cable system can also employed 
provide distortion resistance and increased damping resistance—at the same 
time allowing the use flat plate type floor section. These three methods 
obtaining flat plate type floor section are illustrated Fig. 26, which Fig. 
26(a) represents the dead-weight system; Fig. 26(b), the separated girder sys- 
tem; and Fig. 26(c), the separated cable system. Any combination all three 
systems possible and practicable for extremely long spans. the interest 
obtaining smaller value composite stringer should used. 

reference list notations used with dimensional significances, explanatory 
notes, and cross references would aid the study and the application the 
theory presented this paper. 

What meant would appear that, according 
Table flat plate with ratio d/b 0.02 can exhibit instability due 
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coupled oscillations. How serious can this for practical bridge section? 
What are the proper modifications specifications followed designing 
flat plate type roadway section order avoid the instability caused 
coupled oscillations? from the material presented, the frequency 
vertical oscillation greater than the frequency torsional oscillation, 
stability flat plate section secured against coupled oscillations. Can this 


(a) DEADWEIGHT (b) (c) SEPARATED 
SYSTEM GIRDER SYSTEM CABLE SYSTEM 


relation obtained practically, and, so, how? Can the design stay 
system aid increasing the frequency vertical oscillation more than the 
frequency torsional oscillation and thus assure stability against coupled 
oscillations with flat plate type roadway section? the omission stays 
such case advisable? Would suspension bridge roadway section, which 
stiffer the longitudinal direction, afford more stability against coupled 
oscillations? 

Returning again the H-section, one increases obtain added 
stiffness the value d/b and the aerodynamic instability the section in- 
crease. What then would the optimum section use? From the stand- 
point prevention aerodynamic instability, very small values d/b 0.05 
would appear best, and, for maximum resistance aerodynamic forces, the 
highest practicable ratio d/b would seem best. The present tendency (and that 


the immediate past) using values approximating 0.20 for plate girders 


and 0.40 for trusses evidently most dangerous and dictated mainly 
“appearance engineering.” The first Tacoma (Wash.) Bridge, which was 


stiffened plate girder, had value about 0.20. The Delaware Memorial 


Bridge between Delaware and New Jersey, designed, has value about 


0.40 with stiffening truss. Resort roadway slots and stays can help prevent 
oscillations with such ratios; however, would better either increase 
obtain added stiffness increase obtain added stability, adopt 
section other than H-section. relatively heavy dead load will stiffen 
such bridge against undue oscillation and the engineers charge the design 
the Delaware Bridge are relying largely the dead-weight factor. This 
bridge has long expensive approaches, and increase from 10% 25% 
the cost the suspended structure almost minor item. 

Taking into account construction cost indexes, the cost per square foot from 
back back abutment anchorages for suspension bridges has constantly 


] ad 
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decreased. Present costs per square foot deck are less than one half one 
fourth the costs early long span suspension bridges varying according 
length. This decrease caused partly the increased efficiency the con- 
struction machinery and partly the savings design. Evidently there are 
practical limits the reduction cost. Complete tabulated data bridges 
including live and dead loads, all principal structural features, clearance 
dimensions, roadway sections, cable sections, and special features, plus cost 
breakdowns, are not generally available. present difficult and costly 
assemble such data interest dictates. 

There are evidently optimum relationships between aerodynamic stability 
and cost per square foot suspension bridges. The ability predict 
advance what the limiting amplitude bridge oscillations will enables 
better choice this optimum relationship. Furthermore with broader 
view the nature the phenomenon bridge oscillations now possible 
give fuller consideration designs which eliminate minimize the 
occurrence such phenomenon. 


Boris Hon. ASCE.—In this paper, which may 
considered the crowning accomplishment lifetime endeavor, the 
author has now united the results all his previous work into comprehensive 
whole. evidenced the references cited, the general subject periodical 
action caused agencies fluid mechanical origin not new. However, 
was necessary introduce and develop certain novel concepts before the 
special oscillations the type covered the paper could treated with the 
fullness and detail required for making the methods directly applicable 
practical design. 

The subject matter the problem necessarily complex and varied. 
involves questions fluid mechanics, elasticity, operational analysis, 
The paper demonstrates once more, how the former watertight compartments 
between lines specialization crumble, and what type approach required 
present-day engineering science. Mathematical skill essential, but 
far not sufficient. clear physical perception the phenomena involved and 
their dependence attendant circumstances equally imperative, and then 
ability, sharpened training and experience, discern between the 
essential and the secondary work out the practical solutions based 
simplified premises. The paper reflects these high attainments. The author 
has deeply deserved the gratitude the profession. 

Certain features Mr. Steinman’s contribution call for special emphasis, 
especially from the viewpoint fluid mechanics. First, there the clear 
formulation the fact that instability arises out pendulations, 
with the acting force engendered the linear angular displacements the 
oscillating member and growing with such displacements. connection 
therewith, there the very simple and lucid criterion for appraising the 
eventual quality structural shape, based the sense (positive negative) 
and the magnitude the “angular gradient” term which the writer prefers 
that “slope” used the author) the lift moment characteristic. 


#7” Prof., Civ. Eng., Columbia Univ., New York, N. Y. 
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Finally, there experimental technique which, tilting structural 
member, curving it, one may determine the eventual aerodynamic response 
shape its swinging torsional motion, way static test. 

The problems involved the paper required close cooperation between 
theory and some specially devised experiments. Once more this procedure, 
which times has been termed has proved fruitful 
whenever questions fluid mechanics are concerned. part the experi- 
ments was conducted with some assistance, direct indirect, the Society’s 
Committee Research. chairman, the writer feels gratified that the 
committee has helped ploughing furrow which brought such ample harvest. 

There but one suggestion which the writer would like make. The 
breadth and variety the subject matter encompassed into short paper make 
the presentation very brief. For the nonspecialized engineer not always 
easy reading. Could one express the hope that the author might find the 
opportunity for detailed treatment the subject the form book, 
which would allow the noninitiated engineer acquire the necessary appren- 
ticeship with greater ease and certainty? 


the most significant contribution date the field aerodynamic behavior 
suspension bridges. The derivation the aerodynamic lift and moment 
equations for shapes such bridge sections well nigh impossible any known 
theoretical approach. The correctness Mr. Steinman’s approach 
stantiated the correspondence his results with the equations theoretical 
aerodynamics. Actually the equations the paper are more general form 
inasmuch the coefficients may applied any shapes developing lift forces 
and moments, whether they airfoils bridge sections. 

The ingenious use the concept the curved model has permitted the 
author bring his earlier work completion. The effects angular velocity 
the lift and moment equations have been reduced quantities that can 
readily determined. 

The equations the paper not include the effect the drag component 
except far the lift and moment curves are corrected for drag. When 
the section oscillating either vertically torsionally the drag force ex- 
periences periodic variation twice the frequency the primary oscillation 
result the changing orientation the section with respect the relative 
wind. This variation superimposed upon some mean value drag and 
would presumably give rise vibration (in horizontal plane) about some 
mean deflected position. periodic variation the forward speed air- 
plane (phugoid oscillation) comparable this possible motion the deck. 
The variable drag force should also cause some additional twisting the deck 
particularly the section not symmetrical. The total effect the drag 
force the oscillations typical suspension bridges may rather small. 


Associate Prof. Applied Mechanics, Virginia Polytechnic Inst., Blacksburg, Va. 
Asst. Prof. Aeronautical Eng., Virginia Polytechnic Inst., Blacksburg, Va. 
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The writers would like inquire any study has been made along these lines 
and what the approximate magnitude the effect the drag force. 

The development the complex coefficients based the assumption 
that the phase lag linear across the width. The writers believe that ex- 
pansion the section, Phase Lag Across the Width the Section” 
(under the heading, Aerodynamic Equations’’) particularly with 
regard the assumption linearity, would helpful. Possibly the author 
could clarify this point his closure. 

unfortunate that more test information regarding the dynamic 
ties section models not available check the theory presented. The 
check the results Louis cited the author, provides signifi- 
cant correlation. The writers have made some tests the wind tunnel 
the Virginia Polytechnic Institute Blacksburg with the view toward devel- 
oping simple method obtaining the torsional instability graphs for section 
models. Basically, the method consists oscillating the section model 
constant frequency variable 
wind stream. The power needed 
keep the model oscillating 
constant frequency and amplitude 
measured. 

Power differences are measured 
from the base power required 


oscillate the system without the 


model but with equal moment 


0.025 


inertia. The logarithmic decre- 


puted from the power differences. 
Such curve for flat plate 


the test values were follows: 


d/b 0.0125; b?/w 0.151; ampli- 
tude 2°; and angle incidence 


were for the section d/b 0.02 
and 0.268. Although the values and d/b are somewhat 
different, the experimental curve verifies the general shape the theoretical 
curve within the limits tested. Curves for the section d/b 0.20 check 
qualitatively the results the author with differences the magnitude 
and slightly higher value the critical value V/(N (about 2.9). The 
experimental method not yet refined and noted here only show cor- 
relation the general form the curves. 

The section models used obtaining the data for the author’s calculations 
were idealized sections without flanges floor beams and stringers. was 
felt that the validity the general conclusions would not affected this 
idealization. The correlation the author’s results with those Mr. Dunn 
seem bear out this position since Mr. Dunn’s tests were made the actual 
section model the Tacoma Narrows Bridge Washington. 


rel 
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crucial point the paper the “principle 
relativity” stated under the heading, ‘‘Use Stationary Section Models: 
Use Curved Models.” This the notion that the flow about rotating 
body immersed uniform stream equivalent the flow about stationary 
body whose form obtained curving the original body suitable manner. 
The reasoning employed the author justify this principle not sufficiently 
clear reveal its essential limitations. careful analysis shows that 
valid the case laminar flow but fails when free vorticity turbulence 
present. view the fact that turbulence very prominent feature 
the flow about oscillating unstreamlined bodies such bridges, theory 
this kind questionable value. 

support this principle the author mentions the work Gour- 
This relates the curvilinear flight airships which turbulence 
negligible factor. The reference Kassner and con- 
nection with Analogy evidence against the principle relativity, and not 
forit. this principle were valid, all the terms (not just one) the air forces 
Messrs. Kassner and Fingado would derivable from it. This clearly 
not the case, because their results agree with those Theodore 

show that this principle relativity invalid when turbulence present, 
enough exhibit single example which fails. The simplest such 
example known the writer that thin airfoil zero camber immersed 
uniform stream velocity, and oscillating about its midchord point 
with angle attack a(t) cos t), being the frequency the 
oscillation. According the author (see text concerning Analogy 2), the 
forces and moments acting this airfoil should the same those acting 
stationary thin airfoil with camber equal V). 

The lift and moment expressions for the oscillating airfoil have been derived 
Messrs. Theodorsen, Kiissner, and many others. They are given the 
author (see Table Eqs. and nineteen lines after Eq. 


and 


which C(k) given Mr. Theodorsen 


(k) 
Eq. 47, and are Hankel functions the second kind. Substitut- 
ing the foregoing expression for camber into the for the lift and 


Dept. Math., Univ. California, Berkeley, Calif. 


“A Generel Fluids,’’ by Theodor von K4rm4n and J. M. Burgers, in 


* (W. F. Durand, editor), Springer, Berlin, 1935, Vol. 2, formulas (3.1), (4.1), 
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moment cambered thin airfoil: 
L= rpbv'(a+ 


and 


the notation used Theodor von Hon. ASCE, and 
turbulence also approaches zero. However, when turbulence be- 
2 2 172 


comes important, 


Eqs. 46); and 


48)—exhibiting profound difference. 

The author primarily interested applying his principle relativity 
the analysis unstreamlined shapes like standard suspension bridge sections. 
This example the failure that analysis involves much simpler stream- 
lined section. Nevertheless the principle, valid, must apply both cases; 
since fails one, cannot relied upon the other. 

the other hand, the inconsistency between Eqs. and cannot 
blamed the Kutta condition. This condition was employed both deriva- 
tions. the principle relativity were valid, they would have led the 
same result. 

Lack high degree mathematical rigor dealing with intuitively 
obvious physical situations may certainly excused paper this kind. 
However, the paragraph preceding Eqs. the author has by-passed some 
important details nonobvious fundamental derivations manner that 
needs justification. For example, why should the mass involved this 
treatment the mass air lying inside the circle circumscribed about the 
bridge section? Why not less air, more? Does the author envision the 
situation that solid cylinder air rotating hole otherwise 
still atmosphere? Such flow hydrodynamically impossible. true 
that the terms Eqs. based this assumption also appear Mr. Theo- 
dorsen’s thin airfoil analysis, but this fact does not establish them this more 
general case. 


ASCE.—No impartial reader can fail appre- 
ciate the vast amount thought which the author has devoted the subject 
aerodynamic oscillations bridges. The essential problem solved the 
paper (within limited range conditions) the prediction the wind-tunnel 
performance oscillating model suspension bridge floor and stiffener 
system from data obtained from wind-tunnel tests natural-scale and dis- 
torted static models the same The analysis makes use tests 
series static models which substitute curved surfaces for certain plane 
surfaces the prototype, being assumed that the performance straight 
model curved wind can simulated with satisfactory accuracy that 
curved model straight wind. Another assumption used the analysis 
that the instantaneous pressure pattern accelerating surface can 
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simulated with satisfactory accuracy that static surface having the 
orientation with respect the apparent wind direction. This step 
first approximation, which applicable only when the maximum velocity 
every oscillating solid part small comparison with the wind velocity, this 
condition being met satisfactorily those vibrations actual bridges where 
the amplitude oscillation and the number oscillatory loops are small. 
Within the aforementioned limitations, not likely that competent readers 
will question the applicability the author’s assumptions the correctness 
his brilliant mathematical analysis. 

seems probable that the publication this interesting and technically 
excellent paper will tend influence future engineers employ static models 
rather than oscillating models studying the probable aerodynamic per- 
formance specific bridges under design. maintain balanced view, the 
writer would like comment certain advantages oscillating models. 

The number tests that have been made oscillating models sus- 
pension bridge floor sections wind tunnels reasonably large size very 
limited, and quite possible that such tests, being intended for research 
well for control specific designs, have been expensive and time consuming. 
However, the writer has had some experience with oscillating models installed 
air jet in. diameter, and from this work can state with assurance 
that there intrinsic reason why the construction and testing pair 
oscillating models (one for vertical oscillations and one for angular oscillations) 
should more expensive time consuming than the construction and testing 
series natural and distorted static models the same scale, equipped 
with piezometer system. Mounting model that can oscillate vertically 
any desired frequencies comparatively simple matter. The same may 
said about mounting the model pair ball bearings that can 
oscillate about axis. More complicated mountings permitting both kinds 
oscillations simultaneously should not required routine tests for 
controlling design. 

The oscillating models have the advantage giving the final results in- 
stantly, without the necessity for making computations the possibility 
having the work encumbered arguments the reliability various as- 
sumptions and analytical processes. The results appear direct visual 
form which comprehensible with absolute clearness not only engineers 
but also nontechnical men interested the financial and public welfare 
aspects the project. The oscillating models require piezometer measure- 
ments determine surface pressures. The results obtained oscillating 
models are accurate for all amplitudes and frequencies, whereas analytical 
methods based the performance static models, uncertainty regarding 
the accuracy the fundamental assumptions increases with amplitude and 
frequency, wind velocity remaining constant. 

The foregoing remarks practical. model testing are not inconsistent with 
the writer’s admiration this splendid contribution general understanding 
the aerodynamic oscillations bridges. 


analysis the aerodynamic stability the pressure distribution graphs 
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the section since the forces causing vertical torsional motion bridge are 
produced mainly differences the pressures top and bottom the bridge 
deck. Since measurements these pressures oscillating models have not 
yet been obtained, the proper method for correcting the pressure distribution 
graphs static models still unknown. However, the evidence presented 
(in the numerical examples pertaining the Tacoma (Wash.) Narrows Bridge, 
under the heading, for the validity the proposed 
phase lag correction (Eqs. and 4b) shows that this modification the static 
pressure distribution graphs least the proper order and magnitude. 
earlier publication“ the author explains this correction for phase lag. 
Actual measurements the pressures oscillating models would provide the 
necessary data for confirmation modification the theory, but these would 
very difficult obtain with present-day pressure measuring instruments. 
Perhaps further proof may come only from additional oscillating tests models. 

The writer obtained the static pressure distribution graphs for H-sections, 
deck sections, and through sections plate girder bridges, using only straight 
models and modifying them incorporating slots various widths the 
bridge deck alongside the plate 

The resulting lift and moment curves for the H-sections are almost identical 
with those already The lift and moment curves for the deck 
sections and through sections show that these forms cross section are very 
unstable but that deck slots reduce the instability. possible that 
further modifications the deck section will yield stable section. There are 
several psychological advantages deck section, besides sightseeing, which 
warrant additional testing this nonsymmetrical section determine 
can stabilized. 

Acknowledgment.—The aforementioned project was sponsored jointly 
the Iowa Institute Hydraulic Research (Iowa City), The Engineering Foun- 
dation, and the Committee Hydraulic Research the Hydraulics Division, 
American Society Civil Engineers. 


this paper new working tools for the de- 
signer long span bridges have been developed from basic principles the 
several areas mechanics painstaking research, intuitively inspired experi- 
mentation, clear physical perception, and mathematical skill. Since 1927, little 
more than years, the profession has come far from the early wind-force 
measurements made models bridge trusses and 
trussed bridges with solid floors. There the wind directions were perpendi- 
cular the planes the trusses and also the slant laterally and from above, 
but displacements were observed. 
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Neither the problem incipient stability self-induced oscillations 
nor that aeronautics has the complexity the 
oscillation problem concerned with characteristic floor and stiffening member 
sections suspension bridges. Mr. Steinman’s treatment stability resulting 
Figs. and Table for selected sections especially masterful and the 
results are very valuable. 

seems certain that the paper printed abridgment the original 
manuscript material and the writer hopes that the author may one day find 
possible give the profession more detailed work the subject and more 
data and examples typical cross sections. 


rational and quantitative procedure for investigating 
the aero-elastic stability suspension bridges offered this paper. The 
theory for nonsteady flow about oscillating plate developed Theodore 
Theodorsen, Kassner and Fingado, and others has been successfully 
used for predicting aircraft flutter. such cases, however, the bodies (air- 
foils) are streamlined; and, for all practical purposes, the circulation deter- 
mined the Kutta condition. The author correctly points out that the 
Kutta condition cannot applied sections used for suspension bridge con- 
struction such H-section, forexample. Accordingly, becomes necessary 
these cases determine some the aerodynamic coefficients experimentally. 

The author employs concept that the effect curvature section model 
the flow static wind-tunnel test equivalent the effect produced 
the angular velocity the section. Thus, the nonsteady forces are obtained 
from static wind-tunnel tests. These forces are then introduced into the equa- 
tions motion, yielding solutions which are good agreement with some 
experimental data. 

One would expect viscosity effects important consideration 
relating wind-tunnel results obtained with stationary section models the 
prototypes, especially for sections which the Kutta condition cannot 
favorably applied. The effects the Reynolds number are not discussed 
this paper, and such investigation advisable before wind-tunnel results 
obtained with section models are applied prototypes. 

the writer’s opinion this paper important contribution both civil 
engineering and aeronautics. 


Assoc. ASCE.—The paper forms significant con- 
tribution the subject aerodynamic theory bridge oscillations, and clearly 
bears the mark intense creative research and experimentation subject 
which still its nebular stage growth and development. Until compara- 
tively recently, the subject wind resistance bridges was relegated static 
sphere, evident from the fact that the conventional pressure from 
per per was adopted and always considered safe and justifi- 
able. Only recently did the failures the Tacoma Narrows Bridge Washing- 
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ton (in 1940) and the Chester Bridge Illinois (in 1944) arouse the bridge 
engineering profession from slumber vividly demonstrating the aerodynamic 
effect wind the former failure and the aerostatic effect the latter. The 
insufficiency the conventional methods wind pressure design were then 
fully realized and the suspension bridge was thrust into its true classification 
dynamic structure. 

The paper affords clear insight into the subject oscillation bridge 
sections various types. The methods classical aerodynamics applicable 
perfectly streamlined bodies only have been modified suit practical bridge 
sections, and differential equations, which are believed the basic formulas 
governing this new aerodynamic theory bridge oscillations, have been 
evolved. this method, the actual wind pressure design long suspension 
bridges the future will form the acid test the theory which, the author 
claims, the most complete and most generalized yet presented. any event, 
this illuminating paper will deserve the praise all those capable appreciating 
the finer points analytical research uncharted field. 


cable used, and also much art, consisting judgment formed from prior 
experience. few machines are built and tested under required conditions, and 
are then treated roughly observe how they stand up. Much thus learned 
improve the final design for production. 

This convenient process cannot applied bridge design. Only one 
bridge built the expected traffic and conditions the site, and its 
cost very high. Scale models are expensive; they require time build and 
test large wind tunnels, which involve more expense. addition, the 
model shows marked instability, new design required and the process 
repeated. Finally, what degree accuracy will the model reproduce the 
oscillations the actual bridge? good aerodynamic theory bridge oscil- 
lations produced the wind has been urgently required. 

This timely paper indicates keen sense analysis guided unusual 
intuition and ingenuity, and enormous amount work. Using his theory, 
Mr. Steinman has made checks indicating good agreement with the performance 
large number bridges the United States and abroad. 

The procedure calls for static wind-tunnel tests small-scale test specimens 
short length—a very inexpensive operation. The pressure distribution 
observations are used obtain dimensionless form factor function 
along the width taken unity. The y-function could applied deter- 
mine the lift and the torque rigid quasi-rigid bridge cross section 
similar that the test specimen. The y-function for static conditions 
modulated very ingeniously multiplying the phase-lag factor ob- 
tain the shape factor (dimensionless, function for application bridge 
where there motion, vertical torsional, one its natural modes 
From the modulated function the F-curves and G-curves are obtained; and 

they form most important part Mr. Steinman’s research, being applied 


study the stability instability actual bridges (Eq. and and Figs. 
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and 16). The writer suggests that some wind-tunnel tests devised (if practi- 
cable), under dynamic conditions, obtain results experimentally which could 
predicted the application the F-curves and G-curves, for comparison 
and discussion. 

This paper contribution bridge and structural design the first order. 


Epwarp Apams far from simple aerodynamic theory 
flutter has now been reduced successfully set procedures applicable 
with some ease practical problems design certain important cases. This 
has been done part through the use the pressure distribution over air- 
foil the static case, modified through simple assumption validity when 
differences phase across the section must considered. The method 
Theodore Theodorsen" based the integration the equivalent effect due 
trailing system somewhat idealized vortices. part, also, the simpli- 
fication secured through simple experiments, cheaply made, wind-tunnel 
models the cross section and curved modifications thereof—a most im- 
portant accomplishment. 

these equations have been derived Mr. Steinman, they apply the 
most common type suspension bridge structure, involving two sets cables, 
suspenders, and stiffener girders, one set for each side the bridge. They 
are capable modification for cases which the two substantially independent 
suspending systems are interconnected transverse suspenders, discussed 
earlier and used the stiffening the Deer Isle Bridge Maine 
with great success. Such bridge tends free torsional oscillations 
although may exhibit slight lateral swinging with accompanying cyclic varia- 
tions angle and effective wind velocity. 

Although most bridges within the range the given analysis will develop 
the types oscillation calculable therefrom, the theory not developed 
show that the oscillations may occur. cases larger and heavier bridges, 
short times exposure conditions favoring flutter, quite possible that the 
behavior may not occur. The reasons, therefore, have been dis- 
cussed and need not repeated. This characteristic all 
flutter equations, however, not those particular equations under discussion. 

Certain conclusions derivable from the examples should noted. These 
examples cover two sets data: (a) Bridge floors with flat plate cross sections 
and (b) those with H-shaped cross sections. Group (a) typical so-called 
stable types cross sections. For them, combined torsional and vertical 
oscillations are possible, flutter possible; but, either the the tor- 
sional oscillations may suppressed, then the other type cannot unstable. 
This conclusion consistent with the work the late Friedrich 
ASCE, who used flat plate bridge floor for study. Group differs from 
group (a) the dangerous instability which can occur not only when there are 
combined oscillations, but also when vertical oscillations are suppressed, and, 
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with very low degrees damping, when torsional oscillations are suppressed. 
Obviously stable types cross sections are preferred. either case, 
however, the torsional oscillations can suppressed such methods 
those previously described Mr. very moderate damping will in- 
sure stable behavior. Hence, possible build relatively slender bridges 
which are stable, and becomes matter importance investigate the 
limitations such designs through the extension the analysis the trans- 
verse suspender type bridge. Likewise, would desirable apply the 
analysis such bridge the George Washington structure, New York, 
Y., which has been classified intermediate between those bridges which 
are very stable and the other bridges which have shown important oscillations, 
determine just what stability may expected the structure, the influ- 
ences floor type (both present and proposed), and other features. 


Mr. Steinman indeed commended for the work has done this 
field. 


Hans ASCE.—The paper represents attempt obtaina 
solution the important problem aerodynamically excited vibrations 
suspension bridges. The general dynamic equations motion can estab- 
lished and solved without particular difficulty, provided the air forces acting 
the vibrating section are known; and the problem confronting the author was, 
therefore, essentially one finding these forces. 

The has conceived novel approach for the determination the air 
forces acting vibrating section, using tests static models only. Pressure 
distribution graphs are obtained, from which phase-correction factors 
and are determined Eqs. deriving these equations the 
author found necessary make the assumption that the pressures the 
oscillating sections are and which and are the static 
pressure distributions. the writer’s opinion, there factual basis for 
this assumption; and, the quantitative results the analysis are entirely 
dependent these phase-correction factors, the results appear lack 
rational basis. 

the third paragraph the stated that, for the limiting 
flat plate, the coefficients the classical aerodynamic flutter 
theory and the coefficients determined the theory proposed the paper 
are not identical. The results the flutter theory check very closely with 
thus contradicting the proposed theory for important special 
case. The 


“The classical derivation not applicable nonstreamline sections, and 
method adapting fit the known behavior nonstreamline 
sections apparent. The coefficients derived the simpler concept fit 
the known behavior nonstreamline sections. 


The writer fails see evidence support the second part the statement, 
and for the following reason: very important point considered when 

Associate Engr., Hardesty and Hanover, New York, Y.; and Lecturer Civ, Eng., 
Univ., New York, 
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weighing experimental evidence support any theory the question 
whether the theory checked rests rational theoretical basis only 
theoretically unfounded assumptions. the first case one two examples 
agreement between theory and test may considered reasonable proof; the 
second case only series tests covering the entire range application and 
variables involved can furnish support for the would appear that 
the theory presented this paper belongs the type described the second 
case. Not only there insufficient evidence for it, but the disagreement with 
the exact theory supported tests speaks strongly against it. 

the writer’s opinion that not all possible, proposed the 
paper, solve this problem using static tests sole basis, however desirable 
this procedure might be; but that only tests oscillating section models can 
supply the necessary data. 

first step this direction was made 1946 the late Friedrich 
ASCE, his reports the Advisory Board Investigation 
Suspension Bridges, Public Roads Administration, where presented method 
for treating catastrophic vibrations truss-stiffened bridges rational 
basis. Further steps this direction should made. 


ASCE.—It would fortunate indeed the much 
simplified procedure advocated this paper could proved reliable 
and universal application The writer has hopefully followed 
the development this method through its various stages and, although has 
found many contributions which assisted his own thinking, has yet 
shown that this approach valid. 

The most rational check the validity the author’s predictions, through 
the use static section models, would seem arise directly from laboratory 
tests dynamic models. the intention the writer offer such data for 
comparison with two the author’sexamples. These data were taken from the 
record obtained from the joint study sponsored the Washington Toll Bridge 
Authority and the United States Public Roads Administration where very 
extensive investigation has been made dynamic models the full bridge 
well dynamic section models. 

Fig. 28, which replot Fig. 13, would appear that line drawn 
horizontally through the appropriate value for the structural decrement 
would give complete picture the -range which vertical motion would 
show for that condition structural damping. Before any motion could 
predicted the would have fall below 0.0152. would fall below 
0.0025 permit motion the intermediate stability range and, finally, 
below 0.001 for motion show the lower range. 

evidence has ever appeared the laboratory which would prove the 
existence the lower stability range because the impossibility designing 
suspension for dynamic section models with 0.001 lower. Similar 
reasoning would suggest that lower range motion (and probably also interme- 
diate range motion) also impossible the field. The author suggests (under 
the heading, Instability: Numerical Examples”) that three stability 
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ranges were evident the original Tacoma Bridge field and cites their 
boundaries. This information evidently taken from one the illustrations of. 
the Carmody and entirely unreliable reasons already pointed out 
the 

Furthermore, quite unrealistic suppose that 
involving decrement low 0.0025 could ever expected the field 
bridge yet built. The very mild winds which made meager record 
available“ were vagrant nature that the bridge continually wandered from 
one mode another and the lack correlation between velocity read- 
ings and observations the type motion has led ‘erroneous 
sions. 

Laboratory tests exact replica the Tacoma’ with 
eight different values structural damping covering the range from 0.0067 


0.0867, demonstrated that was substantially constant over 

this range damping (which was assumed well beyond any field possibili- 

ties) with average 1:75 (Fig. motion was appar- 

ent the upper critical region under these conditions damping, range 


tions show that the instability range for this structural damping would from 


damping over the range shown Fig. involved negligible change 


upper critical value the dynamic section model 


the lower critical ratio and slightly greater (5%) the 


tests the bounding lines Fig. for the upper critical range should very 
nearly vertical, and displaced rather sharply the right. Thus, the complete 
results for the eight section model tests with different damping would fit within 
the two vertical lines and they were extended cover the range 
0.0867 which far beyond the limitations the author’s calculations. 
appears that the maximum value (logarithmic increment) Fig. would 
have multiplied least 5.8 reach level already demonstrated 
possible this section. 

Tests dynamic section models the California Institute 
Pasadena are equally poor agreement with the author’s calculations al- 
though they were confined single value structural damping where 


Failure the Tacoma Narrows the Hon. John Carmody, Administrator 
the Federal Works Agency, Washington, Board Engineers consisting 


Theodor and Gienn Woodruff; Fig. 
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0.021. this damping, represented the upper horizontal line Fig. 


28, oscillations were recorded over range from 1.58 1.92. 


These tests were made idealized model consisting symmetrical section 
without girder flanges, sidewalk curbs, stringers 0.205). This the 
same type section which the author has made his static section model tests, 
which form the foundation for his theory. Laboratory experience has demon- 
strated that details the type neglected the idealized model are often 
importance this type section where the actuating forces depend 
primarily the distribution vorticity the 

significant that the laboratory tests this idealized dynamic model 
have indicated values for the logarithmic increment well above the maximum 
0.0152 revealed the author’s calculations. should also noted that 
vertical motion the intermediate instability range was observed these tests 
where 0.021. 


the many full model tests run the laboratory has always been ob- 
served that the range between the upper and lower critical values for 
vertical motion was greater than that noted the section model. Thus, for 
the full model exactly the same section was used Fig. the instability 

seems reasonable the writer assume that the author’s approach may 
more nearly valid for sections stiffened trusses where the forces arising 
from vorticity are probably negligible factor. 

The author’s characterization (under the heading, Instability: 
Numerical Examples”) the lower instability range does 
not seem with the mechanism vortex excitation. well 
the relationship which governs the frequency vortex discharge 
about object immersed flow given the expression: 


which the wind velocity the depth the object (measured normal 
the and the number characteristic the shape the object. 

was demonstrated the California Institute Technology that 
0.187 (approximately) for idealized model the original Tacoma Bridge; 
and was observed the University Washington Seattle full model 
the original bridge that the V)-mode appeared twice—once the 
intermediate range instability and, again, approximately twice the wind 
velocity, and with much increased amplitude the high range instability. 
was also observed that the frequency was the same each appearance and 
the critical velocity the high range was 3.2 persec. Thus, using 0.187, 
the frequency the vortex 3.75 cycles per sec which close twice the value 


Rubach, Physkalische January 15, 1912, 


Experimental Results Wing William Bollay and Charles Brown, Journal 
the Aeronautical Sciences, 317, Fig. 11. 
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the recorded frequency oscillation. For subharmonic excitation 
only necessary for the exciting frequency approximate some multiple 
the natural frequency the structure. 

Since for the same mode the intermediate range was approximately 
one half that the high range, clear that this excitation was harmonic. 
Obviously the author has reversed the terminology describing these ranges. 

Comparison Laboratory Data With Numerical Examples (Under the Head- 
ing, Torsional misleading two respects: First, 
accurate rendering Eq. would cause the caleulated curve intersect the 


experimental curve 7.15 and 0.30. These two curves are 


parallel only over limited range. Second, the author seems have made 
error sign the calculation his suggested correction factor bring the 
experimental results into harmony with his calculations. Fortunately, all the 
data necessary calculate the experimental curve are readily available.” 
This model was mounted somewhat complicated suspension which 
involved section cable from which the model was hung suspenders. The 
ends the cables were restrained coil springs mounted outside the tunnel. 


Three measurements were taken zero wind velocity isolate the value 
follows: 


which the decrement for springs alone; the decrement for springs 
plus section; and the decrement for springs plus section plus suspension. 
The record shows that 0.0299 and careful recalculation the experi- 
mental curve plotted Fig. shows accurate without the suggested 
added correction account for residual damping. 


However, the critical value yielded this experimental curve zero 


damping serious error for reasons not entirely clear. Many tests run 
later date simplified suspension both the University Washington and 
the California Institute Technology have revealed much lower values for 


The author error quoting the results tests from the 


California Institute Technology run 1945 and the value quoted also 
inaccurate. tests were run this laboratory after April, 1943, and the 


value 2.5 does not appear any the records 
from that institution. the course series studies the effect 


damping the torsional mode, 1.9 was reported zero structural 
Nb/e 
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Dynamic section model tests the Washington have shown 


Mr. Steinman’s dependence static section model tests his empirical- 
theoretical approach problem does not hold up, the case the 
structure stiffened plate girders, either vertical torsional motion. The 
writer has not found the time explore its feasibility truss-stiffened struc- 
tures where vorticity probably much smaller significance. 

Extensive full model tests run comparison with dynamic section model 
tests have demonstrated the validity the dynamic section model approach 
this problem those who advocate sole reliance static model tests have yet 
prove their case. 


Mr. Steinman’s analysis and that developed the late Friedrich Bleich, 
ASCE, follow the Theodorsen analysis flutter thin flat 
plate*—omitting, the effect the aileron and neglecting the inertial 
forces the surrounding cylinder air. They differ that Mr. Bleich con- 
siders only horizontal slightly angled wind, uses the Theodorsen basic 
flat plate forces, and then introduces, corrective term, equivalent 
lift force derived from dynamic wind tests section model the bridge. The 
author, the other hand, includes procedure for covering the effect 
initial angle incidence and builds the force terms data derived from 
static wind tests normal and curved section models, thus requiring 
tive term fit the analysis the actual section (provided the static test data 
are adequate for the purpose). Furthermore, uses the lift force and torque 
force terms separately for pure vertical and pure torsional 
oscillations. 

The best available method for appraising the analysis lies correlating 
with the the three-dimensional aerodynamic model tests made the 
University Washington (in Seattle), the Washington Toll 
Bridge Authority, the United States Bureau Public Roads, and the university. 

The treatment the effective angle incidence, must extended for 
bridge. Eq. 11f expresses the angle, through which the structure 
will rotated the static wind forceg—that is, the lift and torque acting 
the midpoint the width, when they are resisted the over-all torsional 
rigidity, the the bridge cambered, the part the hori- 
wind force resisted the truss carried the truss supports sev- 
eral feet below the line application the wind force the truss, resulting 
overturning moment which tilts the leeward side downward. the full 
model the new Tacoma Narrows Bridge (in Washington), with 2,800-ft 
curve between grades from 3%, this effect camber was 
about twice the effect the action represented Eq. 11f depicted the 
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section model behavior, and was opposite sign. Thus, the resultant full 
model pitch determined both factors that the section 
model but opposite direction. could: neglected small angles 
incidence, with prototype velocities miles per hr, but rose from 
24° for higher velocities and greater angles incidence. 

The overturning wind moment not only depresses the but also 
increases the tension the cable, thus increasing its spring constant 
without altering the mass suspended from it. This action increases its natural 
frequency while correspondingly decreasing the natural frequency the wind- 
ward cable, which might expected affect the the bridge the 
wind. test was made this The wind shoes were loosened, 
permitting the suspended structure swing downwind and relieve the truss 
all wind load since had wind The shoes were then fastened 
the unstressed position steady the structure and the were made. 
The change behavior was insignificant. 

The author indicates that the curves for the due 
wind action, are parabolic when plotted against considerable 
number these curves has been plotted directly from aerodynamic tests 
both full models and section models and for sections subject vertical 
oscillation and those subject flutter, the structural damping having been 
determined other tests and eliminated. Some the curves are 
mately parabolic but more them are practically straight have pronounced 
reverse curvature. For the same section and ‘angle, often 
show progressive change the wind velocity 

The numerical examples illustrating coupled oscillation (flutter) have more 
significance than implied the statement that the data are assumed. With 
the exception the s-values and the g-values all the assumed data are identical 
the properties the prototype the full Tacoma Narrows 
Bridge used and identified Mr. his illustrative The 
vertical and torsional frequencies are the same and the assumed equations for 
the wave forms are those Mr. Bleich for that structure. (It 
should noted that the author’s value twice that Mr. Bleich and his 


value times that Mr. Bleich.) 


Both treat the bridge thin, flat plate which assumes that the 
truss members have negligible effect the air forces.. Bleich’s solution 
for the critical velocity agrees quite well with the curve from model 
The velocity computed Mr. Steinman about half great and 
corresponds the test results for angle (the sign con- 
vention for the angle incidence being the reverse that used Mr. 
the author indicates, the effect angle incidence determine the 
point the curves which the slopes from which the 
slopes are taken for the examples, show constant slopes between the angles 
6°; hence, throughout this range the angle incidence the solution 
would the same indicated—that is, miles per hr, 


Instability Truss-Stiffened Suspension Bridges Wind Friedrich 
Bleich, Transactions, ASCE, 114, 1949, 
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For this numerical example (the new Tacoma Narrows Bridge but without 
slots bottom appears that the flat plate analysis will predict the 
flutter velocity quite well without correction, possibly because the skeleton 
construction the sidewalk stringer the leading edge. Other truss-stiffened 
sections tested have required the corrective 

Mr. Bleich’s analysis has the advantage that the corrective term intro- 
duced the end and used only the final steps, whereas the author’s experi- 
mental values, which provide the adaptation the section under investigation, 
are subjected several successive processes. each these processes 
simplifying approximations are made, such the idealized expressions for the 
slopes the lift and torque curves and the use the The 
effects these are probably cumulative. Furthermore, the static models are 
idealized, evidenced the perfect symmetry the lift and torque graphs 
for positive and negative angles incidence. Most tests models actual 
bridge sections show that these curves are not symmetrical but are materially 
modified the influence the stringers and, sometimes, the curbs, and that 
they are affected the girder flanges. few such curves have been pub- 
Another handicap the the static model tests for the air force 
the lift and torque graphs have pronounced negative slopes may 
expected that the structure will oscillate and that, with increasing wind velocity, 
the amplitude will increase indefinitely recognized Eq. 19b. This 
tendency explained the slope theory” proposed Den 
not explain the successive restricted modes, each which prevails over only 
limited range velocity. The phase functions, applied the static forces, are 
also not entirely adequate. The vortex action, not revealed the static tests, 
superimposes upon the static pressure pattern small periodic variation which, 
when resonant with natural frequency the structure, assumes importance 
far beyond its relative strength. Furthermore, clearly indicated smoke 
stream tests, the vortex action becomes much stronger once oscillation begins 
and its frequency controlled the motion the structure over limited 
velocity range. 

Perhaps one reason for underestimating the importance the vortex that, 
streamlined sections, the vortex shed from the trailing edge and exerts 
continuing the body. the other hand, the vortex shed from 
abrupt corner the leading edge bridge section and sharply modifies the 
velocity pattern and the pressure the structure moves across. Vortex 
action not vigorous truss sections because shallower depths the 


vicinity the deck, and, therefore, the flat plate analysis gives fair predictions 


the critical velocity the flutter characterizing such sections. Vortex action 
lowers the critical velocity. 


Instability Suspension Bridges Under Wind Action,” Friedrich 
Bleich, Transactions, ASCE, Vol. 114, 1949, pp. 1214-1218. 


Stability Suspension Bridges with Reference the Tacoma Narrows 
Bridge,” Pt. 1, Investigations Prior to October, 1941, by F. B. Farquharson, Bulletin No. 116, Univ. of 
Washington Eng. Experiment Station, Seattle, Chapter pp. 60-68. 

Vibrations,” Den Hartog, Book Company, Inc., New York, 
1947, Article No. 59. 
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The writer recommends the use the flutter analysis for the preliminary 
examination proposed designs and method surveying the probable 
influences alternative dimensions, weight distribution, and elastic properties. 
For the most reliable investigation the aerodynamic behavior the preferred 
design (aside costly full model tests) advocates dynamic wind-tunnel 
tests section models mounted free springs produce the proper vertical 
and torsional frequencies. These tests will reveal, quite reliably, the critical 
velocity any catastrophic oscillation and will yield data energy transfer 
(as measured the logarithmic increment) which can applied the proto- 
type single integration process. This must used with the best available 
analysis the structural damping the bridge and with due consideration 
the velocity, uniformity, and steadiness the wind the site. 

There strong evidence that least one important suspension bridge would 
undergo objectionable oscillation except for the favorable effect the terrain 
the wind. not likely that this the only case the kind. the 
present stage knowledge there some risk assuming that proposed design 
will satisfactory simply because resembles satisfactory existing bridge. 


ASCE.—To all who have contributed discussions, the 
writer deeply grateful. The preparation for this work necessarily included 
exhaustive analytical and critical study the ponderous literature airplane 
flutter theory. After checking and collating the involved mathematical analy- 
ses the various writers the subject, the writer was forced the conclusion 
that those theories not offer directly applicable solution the problem 
bridge oscillations, and that existing aerodynamic theory inadequate for 
solution the problem. New creative thinking was necessary, with coura- 
geous departure from the limitations prior conventional theory. 

The mathematical derivation the conventionally accepted theory for air- 
plane flutter abstract, involved, and indirect that the physical picture 
lost from view, and fallacies assumptions and gaps the physical reasoning 
may buried under the mountains mathematics. Few understand the 
derivation, and still fewer have even tried check the analysis. Nevertheless, 
proud reference the theory has become cult, and any challenge departure 
attacked heresy. 

The Concept Curved outstanding new concept beyond the 
writer’s previous publications the subject the use section models. 
This was inspiration. supplied the missing link the treatment 
angular oscillations. formed perfect parallel the accepted use tilted 
section models represent vertical oscillations. clearly logical exten- 
sion the same physical and mathematical thinking. The concept curved 
section models represents relativity principle. corresponds transforma- 
tion coordinates, including space and time, yield space.” 

The addition curved section models the writer’s analysis supplied the 
previously missing terms for complete correspondence with established aero- 
dynamic theory for airfoils. also supplied the missing factors for complete 
correspondence between the writer’s formulas and the known data from large- 


Cons. Engr., New York, 


| 


1246 STEINMAN BRIDGE OSCILLATIONS 


scale wind-tunnel tests bridge models. addition, the writer made 
independent check comparing the established theoretical formulas for 
curved thin plates with the corresponding established formulas for flat plates 
angular oscillation. The concept curved section models has been checked, 
verified, and confirmed hundred different ways. The writer thoroughly 
convinced its basic validity. 

Because the idea seemed startlingly new, the writer expected discouraging 
required courage present the profession. This was done 
paper” before the lowa Hydraulics Conference 1947. Instead meeting 
with adverse criticism, the reception was most encouraging. The writer, how- 
ever, was somewhat disappointed learn that the idea was not entirely 
subsequently found that the well known and established the 
more modern literature airfoil analysis, under the name cam- 
under this name, the curved thin plate analogy used and accepted 
short cut for writing the formulas for airfoils angular The 
writer was the first conceive and apply the idea actual test procedure 
the study airplane flutter and bridge oscillations. 

The curved model concept, applied idealized thin plate, checks 
identically the force the theoretical formulas for 
oscillating airfoils. claim made that the curved model yields all the 
terms the complete theoretical formulas; the centrifugal force term (easily 
added) and the acceleration term (negligible) are written separately. The 
criticism that the curved model does not duplicate all the terms the complete 
theoretical formulas represents lack understanding the concept and the 


underlying theory. The sole purpose the static models, both tilted and 


curved, supply the terms that cannot written theory. the applica- 
tion bridge oscillations, the acceleration terms are written established aero- 
dynamic theory for thin plates, with simplified extension the derivation 
other sections. Since these acceleration terms are negligible and are, fact, 
neglected, challenging the mathematical rigor their evaluation hairsplitting 
criticism. 

Furthermore, not claimed that the static model tests give the forces 
corrected for the terminology conventional aerodynamics, 
this correction identified with distribution the wake.” The 
for phase lag vorticity, whichever name preferred, represented 
writing the correction factor coefficient all the quasi-steady force 
terms the formulas. 

the interests clear physical thinking, common miscon- 
ception needs correction. That misconception represented the use such 
phrases vortex buffeting” produced These phrases 
represent mathematical device, not physical action. the repeated use 
these phrases, the fact that they are only mathematical device has been 
forgotten. The oscillations section, even the case the forced vibrations 


Aerodynamic and Hydrodynamic Stability,” Steinman, Proceedings, 
Hydraulics Conference, Bulletin No. 31, State Univ. Studies Eng., lowa City, 1947. 

“An Investigation the Conditions for the Occurrence Flutter Aircraft and the Development 
Criteria for the Prediction and Elimination of Such Flutter,” by Albert E. Lombard, Jr., thesis presented to 


the California Inst. of Technology at Pasadena, Calif., in 1939, in partial fulfilment of the requirements for 
the degree Doctor Philosophy. 
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cylinder, are not caused produced the vortices.” The vortices 
the wake are merely counters, markers, footprints providing convenient 
physical and mathematical “trail” from which the circulation about the section 
and the consequent forces acting the section may inferred, formulated, and 
computed. The limitations classical aerodynamics necessitate this back- 
handed approach. From footprints, crime may reconstructed. From the 
“vortex trail,” the forces acting section and their relative phase may 
deduced. The vortices the wake not exert the section. Their 
work was finished the instant when they were shed into the wake. 

Another common error, also associated with the concept vortex buffet- 
ing and arising from the same failure visualize the physical picture under- 
lying the mathematics, the notion that the point shedding the vortex 
the point application the related lift There direct relation 
between the two. The lift force determined the circulation, and the 
change circulation determined only the strength the released vortex 
and way the location the point shedding. airfoil, 
the vortices are shed the trailing edge, but the corresponding lift force acts 
near the forward quarter point. fact, conventional aerodynamic 
theory, the shedding and trailing vortices not produce any shift the re- 
sultant lift force from its fixed position the forward quarter point. Ina truss 
girder bridge section, vortices may shed the leading edge, but that does 
not mean that the corresponding lift force applied the leading edge. Any 
such crude assumption wholly unscientific and would vitiate analysis. 

The Concept Phase Lag.—In the interests clarity, the writer prefers 
emphasize the concept phase lag. Although few may have recognized the 
fact, the coefficients the formulas the conventional flutter theory are really 
phase-lag factors. That why the coefficients have the value unity 


zero phase lag That also why the “apparent mass” terms, 


representing instantaneous inertia forces, not have the phase-lag factor 
applied them. Cloudy references and “vorticity distribu- 
tend obscure the true relationship. 

comparison with ice coated wires, other sections negligible width 
(compared with V), the new feature introduced with wider sections the time 
required for the fluid flow, for any disturbance the fluid flow, traverse 
the width the section. This introduces.the new factor—phase lag. flow 
disturbance, initiated the leading edge, takes time traverse the width and 
encounters progressively increasing difference phase traverses the 
oscillating section. different points the width are reached, different 
stages the cycle oscillation are encountered, including differences velocity 
and even differences direction motion. cover all cases, the general 
expression for energy input per cycle acos which the 
force; the amplitude; and the phase difference between amplifying 
force and velocity displacement. The multiplier the correction 
factor multiplying two vectors differing phase the angle illustrated 


the factor” applied the product volts amperes alternating 
current. 
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The writer wishes re-emphasize the importance his application the 
phase-lag factor the rational aerodynamic analysis oscillating sections. 

Comparison with Conventional Flutter all the heartwarming 
comments this paper, there were only three adverse discussions. Mr. 
Pinney challenges the writer’s concept curved models seeking prove 
that the resulting formulas for thin flat plate are not consistent with the 
formulas conventionally accepted flutter theory. this attempt Mr. 
Pinney has unwittingly made number mathematical errors and omissions. 
These errors are material. his Eq. 48a, the correction for centrifugal force 
missing, and Eq. the angular acceleration term missing, also the cen- 
trifugal force term (which yields zero only forC 1). his equation (for 
derived from Eq. 46a, the numerical cofficient wrong and the angle 
term missing. his equation derived from Eq. the angle term and the 
angular velocity term are missing. 48a and the coefficint 
should inserted all the terms. this done, together 
with correction the other cited errors, Eqs. and will completely 
identical. Moreover, Eqs. and cannot expected remain identical 
The same value must used the two pairs formulas for any valid 
comparison. Confusing references turbulence should not allowed 
obscure this obvious truth. these corrections are made, Mr. Pinney’s 
argument vanishes. 

The best way show the consistency the writer’s theory bridge oscil- 
lations with the accepted conventional theory airplane flutter direct 
application thin flat plates. This comparison will also bring out the essen- 
tial differences points departure. 

For the limiting case thin flat plate (d/b 0), streamline airfoil, 
these values, Eqs. reduce 


and 


this indeterminacy, may resolved into two component contributions 
zero lift the cambered model For this condition 


such condition constant zero lift (hence, constant zero “circulation” and 
constant zero strength trailing vortex wake), aerodynamic theory yields (or 
assumes) zero phase lag, phase-lag factor unity. Now, bringing the wind 
acting downward near the quarter point, which produces 
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Thus, has been resolved into complete the picture, the 


cambered model correction for centrifugal force added, represented 

With these substitutions, Eqs. reduce 


and 


aerodynamic theory (by Theodore Theodorsen,? Kassner and 
and subsequent writers) yields the same formulas, with written 
instead and For the limiting case infinite (or zero k), for which 
all C-factors are unity, Eqs. and check Mr. Theodorsen’s equations identi- 
cally. 

The foregoing method writing Eqs. from Eqs. depends upon the 
validity accepted aerodynamic theory. extension the same method 
the general case (deeper sections) can used eliminate and from the 
general formulas this paper, leaving only The writer has not done 
this, because not convinced the complete validity conventional 
aerodynamic theory. 

but not identical with, and The coefficient represents 
the phase correction and derived from the circulation corresponding the 
“discontinuity” vortex sheet, simple harmonic variation strength, ex- 
tending from the trailing edge the section infinity. peculiar feature 
the theory that all lift resultants affected the multiplier are invariably 
applied the forward quarter point, whether due angular position, vertical 
velocity, angular velocity. 

For ideal flat plate streamline airfoil, the static effect (also repre- 
senting upward lift resultant the forward quarter point. The 
phase correction, Mr. Theodorsen’s analysis, multiplies this lift resultant 
without changing its point application. Eqs. and 52, the phase 
correction multiplies this lift and its moment representing 
indicated shift its center pressure. Since the effect phase difference 
across the section alters the pressure distribution, would appear that the 
coefficients should not the same for lift and for moment but should normally 

Although the writer’s F-functions and G-functions are not identical with 
those introduced Mr. Theodorsen, certain governing features are common 
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both. the limit high (or low k), corresponding zero phase dif- 


ference, all F-functions approach common limit and all functions 


approach common limit the other extreme low (or 


high k), the G-functions have common limit 0), but the F-functions have 
infinite phase difference infinite frequency, one would expect that the aero- 


values the two sets F-functions and G-functions show differ- 


ent laws variation. The sinusoidal variations the writer’s F-functions and 
G-functions are more consistent with the known sinusoidal curves instability 
response graphs. 

should noted that the Theodorsen equations are intended apply only 
streamline airfoils with rounded leading edge and tapered trailing edge. 
violation the inherent assumptions Mr. Theodorsen’s derivation 
apply his equations thin flat plate 0). For deeper nonstreamline 
sections, the Theodorsen equations are admittedly inapplicable. 

weak point the idealized aerodynamic theory that involves rough 
approximation dealing with the leading edge. the case infi- 
nitely thin airfoil, the “stagnation point” not the leading edge, assumed, 
but some distance along the airfoil. The induced flow velocity turns out 
have infinite values the leading edge, and the neglect these induced veloci- 
ties against results material error. For example, the actual pressure 
distribution graph for cambered airfoil, represented Fig. not 
symmetrical curve (ellipse) derived classical theory, and therefore does not 
yield zero moment. 

using actual test data starting point, instead relying wholly 
idealized aerodynamic theory known imperfections, the writer’s formulas 
should represent the closer approach reality and generalized validity. 

For H-sections and other practical bridge sections, the problem predicting 
the aerodynamic forces mathematically appears far beyond the resources 
conventional aerodynamic theory its present development. The semi- 
empirical method presented the paper offered practical engineering 
solution. Unique flexibility application all sections (and varying angles 
incidence) has been secured writing the slopes 82, and parameters 
the equations; and simple, practical method, scientifically logical and 
indicated validity, for writing the phase-correction coefficients C2, and 
for any section, without limitation, supplied Eqs. Classical theory 
offers possible method for writing these important coefficients for the general 
case. 

When engineering problem urgently needs solution, engineers cannot 
leave unsolved merely because existing, established theory incapable 
solving it. 

Linearity Phase Lag.—Messrs. Maher and Eades invite expansion 
the topic phase lag, particularly with regard the assumption linearity. 
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The following notes, excerpted from more extensive analysis the writer, 
may helpful. 

instantaneous (differential) change the position motion body 
produces change the flow the surrounding fluid. This change flow 
not propagated instantaneously, but with finite velocity the fluid. 
stated Messrs. von and 


“The action produced force carried along the general motion the 
fluid with the velocity the picture airfoil moving through 
air rest, the vortices remain the spots where they are formed.” 


Accordingly, aerodynamic disturbance (change flow) traverses the 
width section with the flow velocity the total time For 
oscillating section, the change phase per Hence, the 
total phase difference encountered the aerodynamic disturbance tra- 
verses the width the section 


the flow disturbance traverses the width the section with the velocity 
will traverse any fraction the width bin the timet the 
phase difference encountered the disturbance traverses the width 


Note that the flow disturbance traverses the section with linear rate propaga- 
tion from the leading edge the trailing edge. starts near the leading 
edge the instant the differential change the position motion the 
section. Consequently, any fraction the width the section, the 
phase lag the flow disturbance relative the causative displacement the 
section. The local flow disturbance, turn, instantaneously determines the 
local change pressure. Accordingly, the local change pressure will follow 
the same harmonic cycle the oscillations the section, but with phase lag 
the leading edge and increases straight-line variation maximum the 
trailing edge. 

The phase-lag factor cos for the real terms and sin for the imaginary 
terms. These are the multipliers the quasi-steady pressures along the width 


the section, represented the ordinates the pressure distribution graph, 


applied Eqs. mathematical language, the two multipliers are com- 
bined their equivalent, single multiplier. 

Classical hydrodynamics (or aerodynamics) has been devoted primarily 
the study steady states, and the time lag phase lag arising nonsteady 
states comparatively new problem. 

Those who have studied the conventional theory airplane flutter may 
surprised learn that the coefficient Mr. Theodorsen’s formulas represents 
phase correction linear variation across the section but with that variation 
(paradoxically) reversed direction. This fact not apparent from the 
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formulas. closer mathematical analysis the theory reveals that the phase 
factor for the individual ordinates (corresponding the writer’s phase factor 


which (using Mr. Theodorsen’s notation) the trailing edge, zero 
the midsection, and the leading edge. Accordingly, the phase-cor- 
rection factor unity the trailing edge consequence the Kutta 
condition), the midsection, and (2C the leading edge, with 
straight line joining these three values and all intermediate values. The over- 
all phase factor simply the value the midsection, the average value for 
the entire section. From these values the phase lag zero the 
trailing edge and increases toward the leading edge. This exactly the reverse 
the direction variation one would expect. this case, moreover, not 
the phase lag but the phase-lag factor that shows straight-line variation, where 
trigonometric exponential variation would expected. These anomalies 
remain explained. 

The Reynolds Lieber properly raises the question viscosity 
effects, represented the Reynolds number. This would apply oscillating 
models well static models. Wind-tunnel tests the University Wash- 
ington, Seattle, which given section models were subjected the widest 
possible range variation wind velocities, yielded practically identical lift 
and torque graphs all wind velocities. effect the wide variation the 
Reynolds numbers was found negligible. the wind-tunnel tests the 
Virginia Polytechnic Institute Blacksburg, which supplied the graphs used 
the writer, maximum wind velocites were used order minimize any deviation 
due the Reynolds number. 

Oscillating Model Thomas comments the advantages 
oscillating models. would certainly most happy consummation 
someone could develop quick, inexpensive methods making oscillating model 
tests that would sufficiently accurate and that would yield all the required 
information. There remain, however, several problems yet solved before 
small-scale oscillating models will supply the answer. These unsolved problems 
include improved methods pivoting and suspension for studying separately 
vertical, angular, and coupled oscillations; elimination friction; elimination 
complete measured control structural damping; methods carrying the tests 
down the lower velocity ratios; methods frictionless recording the os- 
cillations; and methods measuring logarithmic increment decrement 
(negative positive damping). with the most elaborate and expensive 
equipment for oscillating model tests, both the United States and abroad, 
results have been obtained that were misleading incomplete, and significant 
relations have been missed that were revealed the writer’s pioneering theo- 
retical analysis. 

Even simplified and perfected laboratory techniques for oscillating model 
tests become available, comprehensive unifying scientific theory still needed 
for correlation, control, guidance, and prediction. Aerodynamic theory was 
not scrapped when wind-tunnel testing was developed. 
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Coupled response one the questions asked Mr. 
Dohn, the following notes coupled oscillations may helpful. 

section that has both vertical and angular stability over the entire wind 
velocity range, over any substantial part that range, may nevertheless 
subject instability the form combined vertical and angular oscillations, 
termed oscillations.” the case airplane surfaces combinations 
airplane surfaces, otherwise aerodynamically stable, coupled oscillations may 
occur, producing the serious phenomenon which may attain de- 
structive amplitude. 

far known, coupled oscillations actual bridges have ever been 
identified and recorded. Coupled oscillations have, however, been observed 
wind-tunnel tests bridge models, also small demonstration models. 
Since coupled oscillations bridge sections are possible form instability, 
the bridge engineer has take such possibility into account. 

Other questions asked Mr. Dohn, although real interest, are beyond 
the scope and province the paper, and space limitations not permit 
adequate answer. 

Effective Angle writer, calling attention for the first time 
the difference between apparent angle incidence and the true effective 
angle incidence, stated that his formulas (Eqs. 11) covering this correction 
were written for section model and would require appropriate modification 
for bridge scale model bridge. Mr. Vincent correct noting 
that the additional moment due camber would need considered such 
amplification the formulas. 

The writer’s are based the assumption 
Eqs. that the static lift torque graph represented cubic equa- 
tion. the lift torque graph differs from cubic, the curves 
given the construction Fig. would not parabolas; and, the variation 
from cubic substantial, the simplified graphic solutions shown Figs. 
and would need modified. The graphic short cuts and examples 
given were intended merely illustrative. The main objective was 
demonstrate the writer’s thesis that amplitudes are determined the curva- 
ture the static lift and torque graphs. 

Contrary the inference Mr. Vincent’s discussion, the 
and the related graphic short cuts (Figs. and 20) are not integral part 
the writer’s theory and not affect its basic accuracy. They were added 
merely related items interest and suggested usefulness. They certainly 
not affect the analysis for critical velocities and instability response 
vertical, torsional, and coupled oscillations. The writer has concentrated 
deriving and predicting the instability response curves because they are the 
most vital significance studying the potential instability structure. 
They are basic characteristic curves, unaffected changes stiffness, damp- 
ing, modes oscillation. Amplitude response curves are secondary value, 
and can computed plotted various indicated methods from the basic 
instability response curves. Oscillating model tests yield incomplete informa- 
tion unless they give instability response hundred different ampli- 
tude response curves (for different modes and different damping values) are 
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required give the information that supplied single instability re- 
sponse curve. 

The section models used the static wind-tunnel tests for this paper 
were simple sections (thin plate and symmetrical H), without stringers, curbs, 
flanges. Instead inverting reversing the model the wind tunnel 
deviations from perfect symmetry, the raw wind-tunnel graphs were 
inverted and reversed, yielding the smooth, symmetrical, averaged curves 
passing through the origin. realized, course, that unsymmetrical and 
modified sections will yield unsymmetrical and modified wind-tunnel curves. 
The numerical examples will correspondingly modified, but the theory and 
its basic formulas are not affected. 

The Negative Slope Theory.—Mr. Vincent states that the ‘negative slope 
theory’ does not explain the successive restricted modes, each which 
prevails over only limited range velocity.” That exactly what the 
writer’s theory does explain (see Figs. and and other publications the 
The writer’s extension the “negative slope theory” from 
its original limited application narrow sections (such ice coated trans- 
mission lines) the more general and more complex wider sections 
(such airfoils and bridge sections) introduced all the new aspects the 
theory—notably: Torsional oscillations, phase difference, ranges instability 
for sections, and successive ranges limited instability (in addition 
the range catastrophic instability) for unstable sections. Since any given 


velocity requires increase the frequency for continued instability 
the same range, and that why successive restricted modes are evoked, each 
which prevails over only the corresponding limited range wind velocity. 
other known theory explains and predicts all these observed phenomena 
and relationships, and other known theory offers quantitative basis for 
their evaluation. 

Vortex Vincent makes the interesting suggestion that vortex 
action” may contribute superimposed effect. The writer has made 
independent study, with original contributions,” covering vortex action” 
producing forced vibrations cylindrical sections (sections zero static lift). 
The essential characteristic feature the appearance the alternate vortex 
trail, with corresponding periodic alternations lift force, even when the sec- 
tion held stationary. the writer’s knowledge, tests have not revealed 
this characteristic feature vortex action static model tests bridge 
sections. Alternating vortices observed the case oscillating section 
model are different phenomenon. They are explained the oscillations, and 
are not the cause the oscillations; the vortices then correspond the known 


110, 1945, p. 548, Fig. 2 
Engineering, January, 1947, Figs. and and February, 1947 and 
Conference, No. 81, Univ. Studies City, lowa, 1947, Fig. 11. 
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alternations lift force the oscillating section, and the period the vortex 
discharge determined the period the oscillations. Whether there is, 
addition, independent vortex action (of independently determined period) 
superimposed upon the known aerodynamic forces, requires further research. 
The present indications are that any such superimposed independent vortex 
action imperceptible negligible effect. may contribute refinement 
the theory, but certainly does not offer independent theory explaining 
the known phenomena bridge oscillations. 

Limitations the Conventional Flutter Vincent advocates 
the use the Theodorsen flutter analysis for the preliminary examination 
proposed bridge designs. Aside from the inaccuracies and inconsistencies 
involved applying the conventional flutter analysis non-airfoil sections, 
such procedure would completely miss the investigation potential vertical 
and torsional oscillations. All would give would value (of questionable 
accuracy) for critical velocity for coupled oscillations, with information 
the intensity potential amplification (negative damping) and potential 
amplitude response for vertical, torsional, and coupled oscillations. would 
also give information the low velocity ranges limited instability. 
After all, the challenging problem that vertical and torsional oscillations, 
whereas coupled oscillations, the case bridges, are still hypothetical and 
unrecorded. 

Influence writer believes that much valuable time and 
effort have been wasted seeking some mysterious influence the terrain 
the investigations aerodynamic effects. All that need known 
reference any bridge exposure are the potential velocity, direction, and 
inclination the wind. Wind gusts are only one the many possible causes 
initiating small oscillations, but wind gusts will not explain the amplification 
that constitutes instability. the steady component the wind that 
produces continuing and amplified oscillations. 

The writer has stressed the significance wind inclination his prior 
published writings, and full agreement with the last paragraph 
Mr. Vincent’s discussion. 

Comparison with Oscillating Model Farquharson challenges the 
validity the writer’s analysis emphasizing quantitative deviations between 
selected results from various oscillating model tests and the values plotted 
the writer’s numerical examples. The comparison not valid for number 
reasons. the first place, the sections used the oscillating model tests 
were not the same those used the writer’s numerical examples; there were 
material differences both form and proportions. The cross section Mr. 
Farquharson has added Fig. incorrect for the graph above and 
therefore misleading. states, elsewhere his discussion, that these differ- 
ences the cross section are importance.” addition, the writer’s 
numerical examples used assumed approximate data (including roughly 
approximate preliminary values the slopes and and were in- 
tended merely for qualitative and illustrative use and not the basis for any 
definitive critical test validity. Moreover, different oscillating model tests 
made Mr. Farquharson different times and under different conditions 
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have yielded varying results, and tests made Louis Dunn and others 
the California Institute Technology Pasadena have yielded still different 
results. selecting data from such varying range, almost any kind case 
can made. the same reasoning, anyone who was inclined could easily 
challenge the validity Mr. Farquharson’s oscillating model tests. 

the California tests cited Mr. Farquharson, using section the 
same form the writer’s and differing only the ratio, much closer agree- 
ment with the writer’s computed values was obtained. The range the ob- 


served oscillations indicates maximum instability approximately 1.75 


compared with the writer’s value (Fig. 13) 1.60. the actual graph, 
this displacement would relatively small. The small difference the 


ratio sufficient and the right direction explain the disparity. 


Had Mr. Farquharson presented instability response graph (as dis- 
tinguished from amplitude response graph) would directly comparable 
with the writer’s instability graphs (Figs. and 15). Such direct comparison 
would provide direct check the basic critical velocities (at zero damping) 
computed the writer. Instead, Mr. Farquharson gives critical velocities 
(for the principal range only) various high damping values. result, 
important error introduced since all his values structural damping are 
too high. They need corrected subtracting the atmospheric damping 
still air. The writer’s formulas and his graphs include automatic correction 
for atmospheric damping; but Mr. Farquharson’s damping values, obtained 
oscillating the model still air, include atmospheric damping and high 
friction damping well structural damping. All his horizontal lines need 
lowered undetermined amount, and this will modify the comparisons 
has made and the conclusions has drawn. 

Mr. Farquharson declares that dynamic model tests have indicated values 
for the logarithmic increment well above the maximum 0.0152 shown 
Fig. 13, and cites observed vertical motion 0.021 the California 
tests and much higher values his own tests. There are two errors this 
the first place, bases his conclusion his values 6,, and 
all the cited values need corrected downward unknown amount, 
explained herein. the second place, the ordinates any instability 
graph depend upon the arbitrarily assumed value the width factor (rep- 
resenting the nondimensional density-mass factor). All the ordinates may 
increased diminished any desired ratio increasing diminishing the 
assumed value the same ratio. Without giving the values 
used, comparison with the value assumed the writer the numerical 
example, Mr. Farquharson’s comparison invalidated. 

The form the amplitude response graphs obtained Mr. Farquharson 
(shown Fig. 29) constitutes truly remarkable check the writer’s theory 
represented the amplitude response graph derived Fig. 22. other 
known theory will yield these results. 
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Lower Instability Farquharson agrees that his oscillating 
model, its limitations, incapable revealing disproving the lower 
instability ranges given the writer’s theory and shown Fig. 13. Con- 
sequently, cannot used establish the existence nonexistence such 
lower instability ranges. admits that the California tests showed the 
second intermediate range, although could not get that range his 
model because its excessive structural damping (0.0068 and higher), in- 
cluding friction damping. 

Mr. Farquharson then adds that structural damping values low 0.0025 
could never expected any bridge yet built. the contrary, the actual 
structural damping value the original Tacoma Bridge was low 0.002, 
orlower. The girders and roadway contributed only 1.5% the total stiffness; 
consequently, their structural damping value multiplied the low factor 
0.015. The remainder the stiffness was given the gravitational resist- 
ance the cables, and such nonstress contribution adds nothing the struc- 
tural damping. The observed persistent oscillations the bridge various 
modes low wind velocities are further proof the low damping value. 

With the principal instability range and the second instability range con- 
ceded, all considerations mathematical and physical continuity point the 
logic series diminishing instability ranges converging toward the origin. 
The trigonometric integrals that are necessarily involved yield such tapering 
sinusoidal graph. This one place where the writer’s theory reveals relation- 
ships that are beyond the limitations oscillating model tests. 

Contrary Mr. Farquharson’s surmise, the writer did not derive the lower 
instability ranges from the plotted diagram the Carmody report (the official 
report the Tacoma Bridge failure). The originally published diagram that 
unscientific. confuses and obscures the true picture showing 
observed oscillations plotted velocities whereas they should plotted 


velocity ratios This would make the mode oscillation immaterial, 


thereby yielding cumulative massed data from all the modes. The writer, fol- 
lowing this principle, obtained the instability ranges plotting all the recorded 
observations from the official log, after reducing each observation its value 
When the observations were plotted, the successive critical ranges 
were clearly revealed. Subsequently, Mr. Farquharson reported calibration 
correction for the anemometer used the which modifies the 
critical ranges previously revealed but does not nullify them. Instability 


ranges low remain confirmed the recorded observations the higher 


modes low wind velocities within the calibration range. 

Subharmonic writer used the appellation 
quotes and parentheses, merely facilitate identification those who 
had applied that designation. The writer holds brief for the correctness 
that term. fact, had long ago discarded the implied concept forced 
vibrations due vortex action having any useful validity for the bridge 
application. 
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Incidentally, bridge linear system with respect oscillations, and 
(contrary Mr. Farquharson’s conclusion) impossible for linear system 
excited amplified oscillations (or any other submultiple) the fre- 
quency the This basic fact would seem eliminate vortex 
action the explanation the phenomena bridge oscillations. 

Torsional Instability Farquharson’s comment the torsional 
that the two parallel lines are only approximately parallel and would meet 
somewhere outside the figure, the agreement the two curves Fig. still 
constitutes remarkable check the writer’s theory. 

That Mr. Dunn’s experimental graph Fig. shows too high value for 
the critical velocity The writer’s conclusion was not based 
the laboratory data (which would not have revealed the error), but was 
derived from internal evidence Mr. Dunn’s instability graphs published 
the official For different values the spring constant and the 
density-mass ratio, the graphs showed different critical velocity ratios, ranging 
from 3.3 5.1, whereas the values should have been identical. The only 
consistent explanation was that, through some unknown experimental error, 
the plotted zero line had been displaced upward from the true zero line 
which the different graphs (having different slopes) would meet common 
point (allowing for minor experimental errors). Since the plotted zero line was 
determined subtractive elimination the structural damping (lowering 
the zero line), the only reasonable conclusion was that the subtractive correction 
had been too small, and that some contribution the total damping (possibly 
the nonlinear friction damping) had been missed overlooked the in- 
vestigators. The graph needed raised relative the zero line, thereby 
reducing the indicated value the critical velocity ratio. The shift derived 
the writer reduces the critical ratio from Mr. Dunn’s value 3.3 (rang- 
ing 5.1 his other tests) lower corrected value 2.5. Mr. Farquharson 
agrees that this shift the right direction, but indicates that does not 
far enough, since now cites values low 1.9 zero damping, 2.01 
low damping, and 2.5 0.03 (which would lower figure after sub- 
tracting atmospheric damping). reported tests gave values 2.6 
2.8 for the critical velocity ratio for the Tacoma section. The variation 
the reported results oscillating model tests different experimenters 
different times, with their respective values critical velocity ratio ranging 
from 5.1 down 1.9, far greater than the variation the writer’s computed 
value 2.5 from the values now cited Mr. Farquharson, The 
section ratios the right direction explain the variation. 

Mr. Farquharson does not challenge the shape the writer’s torsional 
instability graph shown Fig. 15; nor does offer instability 
graph, obtained experimentally, for direct comparison. 

Scientific Check the Theory.—The writer would welcome open- 
minded, cooperative, scientific check his theory oscillating model tests. 
Only tests identical sections, under identical conditions, can scientifi- 
cally valid comparison made. Such tests would either confirm the validity 
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the writer’s theory, indicate the direction study for any correction 
further refinement. Mr. Farquharson agrees, the opening sentence his 
discussion, that such consummation would fortunate 

analysis, without checking the derivation and investigating its limitations, 
merely because the final formula appears check certain experiments; and 
there corresponding habit blindly rejecting mathematical analysis, 
however scientific and rational, merely because the final formula does not 
appear check certain experiments. Both these procedures are unscientific. 
The accepted theory may contain inconsistencies, anomalies, and limitations 
that are not revealed the experimental tests which has been applied. 
The other theory may have been tested unscientifically inaccurately, 
single link the theory may require modification, and premature rejection may 
mean the loss scientific contribution progress. 

true that the Theodorsen flutter theory has been checked experi- 
ments streamline airfoils, but that does not necessarily prove that the 
theory and its derivation are perfect. Certain anomalies and inconsistencies 
remain unexplained. Moreover, that theory cannot applied nonairfoil 
sections—not even thin flat plates—without violating the underlying 
assumptions implicit the analysis. 

The writer’s theory has not been tested application streamline 
airfoil sections. may check such tests well the Theodorsen theory, 
even though the phase-correction coefficients are not identical the two 
theories. the airfoil application, the velocity relatively high and the 
width relatively narrow, that the total phase difference across the section 
relatively small. account the smallness the total phase difference 
across the section, any inconsistencies imperfections the Theodorsen 


theory may not Moreover, high values the two theories 


are virtual agreement and, the limit, the two theories are identical. 

The real test the writer’s theory the application bridge sections, for 
which the theory was written and which the Theodorsen theory admittedly 
inapplicable. This far more difficult and complex problem, beyond the 
resources classical aerodynamics. The writer’s theory the only analysis 
that explains all the known phenomena bridge oscillations, the only analysis 
that shows remarkable qualitative confirmation, and the only analysis that 
offers quantitative solution for all phases the problem. The scientific 
attitude demands fair consideration and testing before condemnation. 

Critical writer has not claimed finality perfection for his 
theory, nor has asked blind acceptance. has submitted the pro- 
fession for critical analysis, constructive review, and scientific checking. The 
fact that contains new ideas and departs from conventional theories that 
have become sacrosanct not rational reason for prejudiced attack 
blind rejection. That not the way make progress. 

stated the paper, Eqs. are the pivotal formulas the pre- 
sented. They are the equations giving the air forces acting any oscillating 
section. They are new, and represent contribution basic importance. 
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the writer’s knowledge, the problem writing general formula for the air 
forces acting oscillating sections has never been solved before. Derived with 
absolute mathematical rigor, the basic validity Eqs. cannot successfully 
challenged. assumptions, approximations, short cuts are involved ‘in 
their derivation. the writer had ended his paper the establishment 
that contribution alone would have justified publication scientific 
advance and basis for further progress. order serve maximum 
usefulness, however, the writer decided give the remainder his analysis. 

The pivotal formulas (Eqs. 2), written with complete generality, contain 
four coefficients, C,, and the phase-correction factors (approaching 
the value unity the limit). These four coefficients are given rationally 
and scientifically The basic validity Eqs. cannot challenged 
successfully. They involve the use the phase factor That use the 
phase factor not arbitrary assumption, asserted Mr. Bleich. 
rigorously established vibration mechanics. 

All the essential formulas that follow the paper are unquestioned 
rigor and validity. They are written remain unchanged any desired 
modification substitution made for the F-values and G-values given 

The writer has also extended and applied the formulas unsymmetrical 
sections (with laterally eccentric center gravity stiffness axis, both), 
with strikingly interesting results checking the known behavior oscillating 
models, previously unexplained. Space limitation has prevented the inclusion 
this material. 

The value the writer’s contribution, subject only possible future refine- 
ment, trustfully submitted the judgment the profession. 
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ADVANCES SEWAGE TREATMENT THE 
DECADE ENDING WITH THE YEAR 1949 


REPORT THE 
COMMITTEE THE SANITARY ENGINEERING 
DIVISION SEWERAGE AND 
SEWAGE TREATMENT 


This report the Committee Sewerage and Sewage Treatment covers 
the years 1948 and 1949, and, addition, the request officers the 
Sanitary Engineering Division, the 10-year period from 1940 1949, period 
war activities followed inflation. yet vigorous readjustment 
prices has not occurred. However, the shortage steel and cement and other 
materials has largely disappeared. There still considerable backlog 
delayed civilian work, such sewers, sewage treatment works, and garbage 
and waste disposal works, which was shelved because high construction 
costs and the hope that lower prices would shortly prevail. 

The economic situation, exemplified the Engineering News-Record 
construction index, has greatly increased the over-all cost all construction 
work and worried both municipal authorities and engineers, because old esti- 


mates, upon which bond issues were veted, not suffice under present cost 
conditions. 


LEGISLATIVE DEVELOPMENT 


Sewage annual review the literature sewage and waste 
treatment and stream pollution the Committee Research the Federa- 
tion Sewage Works Associations continues summarize the art 
each year from the research, laboratory, and operating standpoints, has 
done each year since 1933. The number articles reviewed pertaining 
trade wastes increased from 1939 110 1948. The National Council 
for Stream Improvement, Incorporated (3), studying problems disposal 
from de-inking waste paper, strawboard and other board manufacture, and 
various types pulp and paper processes. This council was organized 
1943 and has grown membership and number projects undertaken. The 
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appropriations under Public Law No. 845 concerning research total $1,000,000 
for 1949-1950, institutions, topics. 

United States Public Health countrywide survey (4), the 
Public Health Service finds need for sanitation program estimated 
cost. $7,834,581,000 June, 1946. The major part the program for 
water and sewerage works, benefit 79,000,000 people. Under Public Law 
No. 845, the Service proceeding enter upon its water pollution control 
activities. President Truman has appointed six nongovernment 
the Water Pollution Control Advisory Board (5). 

Federal Legislation Stream long protracted struggie for 
federal stream pollution control finally culminated the passage Public 
Law No. 845 (6), which was enacted June 30, 1948. This known the 
Pollution Control and provides for water pollution control 
activities the Public Health Service the Federal Security Agency and 
the Federal Works Agency. Before the act had been fully implemented and 
tested, bill (7) was introduced Congressman Crook (Indiana) 
which would seriously modify the provisions the act. Under Public Law 
No. 845 action can taken through the courts water pollution control 
matters unless the pollution originating one state brought about objection- 
able conditions another state, and action can taken the United 
States Attorney General any state unless approved the water pollution 
agency the state which the pollution originated. The amended bill (7) 
would remove the so-called states-rights provisions and abolish the provision 
for public hearings. Apparently the effect these amendments concen- 
trate control the Public Health Servicé and make difficult for the full 
value cooperative state programs realized. 

Other bills introduced the Eighty-first Congress, First Session, were: 


House Representatives Bill No. 5089, Byrnes (Wisconsin), 
would allow amounts paid for industrial waste treatment works amortized 
accelerated rate for income tax purposes, similar bill House 
Representatives Bill No. 5091, Chatham (North Carolina)). 

House Representatives Bill 4825, Hand (New Jersey), 
would amend the Oil Pollution Act 1924 include all parts the sea 
within the United States and all inland waters navigable fact and amend 
strike out certain minor clauses. 


State still confusion the various states pollution 
control administration and lack adequate laws (8). 1949, state 
legislatures enacted considered some form abatement legislation. 
these, probably have taken action. 


Compacts and Other Interstate June 30, 1948, the fifth 
interstate pollution control compact the United States (9) went into effect 
between Indiana, West Virginia, Pennsylvania, Illinois, New York, Ohio, 
Kentucky, and Virginia, replacing informal agreement made 1928 
between the same eight states and Maryland, Tennessee, and North Carolina. 
This compact administered representatives these states the Ohio 
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River Valley Water Sanitation Commission. The Interstate Sanitation Com- 
mission (1936), the Interstate Commission the Delaware River Basin (1936), 
the Interstate Commission the Potomac River Basin (1941), and the New 
England Interstate Water Pollution Control Commission (1947) were formed 
earlier compacts. The Ohio compact covers the greatest number states, 
the greatest drainage area, and the largest population. Three interstate 
pollution control agreements are force September 1948, known 
the Great Lakes Drainage Basin Sanitation Agreement, the Upper Mississippi 
River Drainage Basin Sanitation Agreement, and the Interstate Sanitation 
Committee (North Dakota, South Dakota, and Minnesota). 

the agencies created interstate compact, two instruments appear 
evolving: (a) Control commission order and specifications minimum 
treatment requirements, including the zoning the waters; and control 
coordinated investigation, advice, and promotion uniform legislative prac- 
tices, leaving the individual states the exercise enforcement. The Inter- 
state Sanitation Commission adopts the first policy; and the New England 
Interstate Water Pollution Control Commission, the second. 

Ohio River Valley Water Sanitation Ohio River Valley 
Water Sanitation Commission its first annual report (10) describes the 
project and new sources industrial pollution from brine and soda-ash produc- 
tion. Among the important problems industrial waste control, particularly 
phenol waste. Included are the text the compact, enabling legislation, 
statement policies, and the Cincinnati (Ohio) Pool hearing report. 

Standards for Ohio Ohio River Valley Water Sanitation Com- 
mission has suggested (10) substantially complete removal settleable solids, 
not less than 45% removal total suspended matter, and 65% reduction 
(biochemical oxygen demand) organic wastes discharged into the 
Cincinnati Pool low flow—but not less than 35%, when conditions permit, 
provided minimum content ppm D.O. (dissolved oxygen) can 
maintained below Cincinnati. 

Pollution pollution surveys are interest, namely, those 
Allegheny County, Pennsylvania, and the International Joint Commission. 


Allegheny County.—In Allegheny County the sanitary authority (11) now 
comprises 102 communities and industries, including more than 85% the 
population the area. 1945 with sewered population 1,342,000, the 
daily discharge sewage from main outlets exceeded 200 mgd. 
tration limits are indicated for toxic and deleterious wastes the composite 
sewage the treatment plant influent (12). These limits are based the 
effect the wastes treatment. All acid iron wastes should excluded 
from the system. 

International Joint interim report (13) made the 
International Joint Commission the Board Technical Advisers relative 
the Pollution International Boundary Waters covers practically the same 
area did the 1914 report (14)(15). The boundary waters the Saint 
Clair River, Lake Saint Clair, Detroit River, and Saint Marys River between 
Michigan and Ontario, Canada, are extensively used for variety purposes. 
Since 1913 industrial wastes have become the major problem the United 
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States, amounting 1,204 mgd, and Canada amounting 374 mgd. About 
90% the population concerned the United States. Among the signifi- 
industrial wastes are phenols, cyanides, ammonium compounds, oils, 
and ether soluble material. The B.O.D. important the River Rouge, 
where anaerobic nuisance occurs. The total suspended solids discharged 
industry the United States total 1,707,400 daily the United States and 
668,300 daily Canada. The pollution has affected municipal water 
supplies, injures fish, wild fowl, and aquatic life, and interferes with the rec- 
reational use boundary waters. Various industries are working treat 
their wastes. 
The estimated costs remedial measures are: 


Municipal Industrial 


The advisory board recommended that the Commission maintain contact 
with the pollution control problem, formulate program, and work for the 
cooperation all agencies concerned. 

LeBosquet, Jr. (16), describes the 1913 conditions, the the 
1946-1948 survey, and certain objectives the International Joint Com- 
mission (17), such maintaining effluents pH-value between 5.5 and 10.6, 
iron (as Fe) less than ppm, odor less boundary waters caused 
added material, and oil ppm less. tentative value for phenol 
ppb (parts per billion) less effluents still under consideration. 


Notable Projects Nearing Completion—Among the large projects placed 
under construction during the postwar period are those New York, Y., 
Boston, Mass., Los Angeles, Calif., Philadelphia, Pa., and the West-Southwest 
Works The Sanitary District Chicago 

Beginning 1934, New York City has built seven sewage treatment works, 
now treating about 40% the total sewage the city. Under construction 
are two major sewage treatment works: Owls Head (capacity 165 mgd), with 
ten contracts totaling $15,000,000; and Hunts Point (120 mgd), with six con- 
tracts totaling $15,600,000. The construction the Twenty-sixth Ward Plant 
(60 mgd) was interrupted the war but now being completed contracts 
totaling $5,600,000. These plants are all part the New York City sewage 
treatment program (18), costing $200,000,000. December 16, 1948, 
consent order the Interstate Sanitation Commission, New York City 
obligated construction program $78,000,000 the end 1953, and 
complete 1959 the treatment all sewage the city. 

The Nut Island Plant (19) Boston should operation during 1951, 
for flow 112 mgd and for 900,000 people. The plant includes comminutors, 
grit chambers, aeration (20 min), and sludge digestion. 

The Los Angeles project (20) being built substantially 
and Eddy 1944 (21). The submarine outfall (discharging mile 
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offshore) was put service September 1949. The headworks, effluent 
outfall connections, and sewage disinfection plant are completed. 
tanks, primary settling tanks, and digestion units are nearing completion, but 
unfinished sludge-handling facilities may postpone operation until the end 
1950. 

The Philadelphia program (22) includes three plants. finance the 
program, sewer rental tax was inaugurated service bonds sold without 
regard the constitutional limits fixed for general revenue. This tax was 
first collected 1946 after years litigation. The program comprises three 
plants, each serving about one third the city. Construction the new 
Northeast plant began May, 1947, and operation scheduled the middle 
1950, serving 669,000 population with flow mgd. The design 
1970 based population 876,000 and flow 125 mgd. The plant 
primary settling tanks (1.65 hours); aeration tanks (2.5 hours with air 
0.3 per gal); final tanks hours); and sludge digestion tanks units 
110 diameter and deep). Digested sludge will lagooned during 
years years before deciding the ultimate method sludge disposal. 
Because the difference the condition the Delaware River, lesser 
degree treatment required the Southeast and Southwest plants. 

The West-Southwest Works The Sanitary District Chicago combine 
the West Side Works (Imhoff tanks) and the Southwest Works (activated 
sludge tanks), with additional equipment and tanks treat the West Side 
mixed with Southwest sewage the activated sludge process. The 
design capacity provides for treating 900-mgd average flow sewage and 
500 tons per day dry solids, with dewatering and heat drying solids. The 
pumps and air blowers are driven steam turbines. The aeration tanks were 
completed early November, 1949; but, because the coal strike, operation 
was postponed until December. Tests during the summer 1949 indicate 
that the mixture Imhoff effluent with the strong Southwest sewage will 
easier treat than the Southwest sewage alone. 

number reports projects, proposed which construc- 
tion about begin, have reached the committee, concerning the Allegheny 
County Sanitary Authority Pennsylvania; the Blackstone Valley Sewer 
District Rhode Island; the East Bay cities California; Seattle, Wash.; 
Tacoma, Wash.; Portland, Ore.; and Wilmington, Del. 


Allegheny County.—The sewage disposal project the Allegheny County 
Sanitary Authority (11) includes 129 municipal subdivisions, area 
749.5 miles, with 1945 population 1,342,000. The industrial and com- 
mercial flow estimated exceed the domestic flow sewage. central 
plant will located the Ohio River, including primary treatment and 
pre-aeration, with chlorination, further reduce the oxygen demand and 
retard the rate oxygen depletion, during critical low-water periods, attain- 
ing removal least 40% the B.O.D. The program 248 
miles intercepting sewers, receiving 250% the average flow. The 
project financed revenue bonds, serviced rates ranging from 
18¢ per 1,000 gal, according the amount flow per quarter. The 
normal domestic sewage estimated per capita 120 gal per day, with 
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addition 115 gal per day for infiltration and 115 gal per day for storm water, 
making total 350 gal per day for rate making. 

Blackstone Blackstone Valley Sewer District (23) lies 
Rhode Island and includes the cities Pawtucket and Central Falls and three 
towns, with municipal area miles. The water consumption 1947 
averaged mgd and private supplies provided mgd. The combined 
sewage and industrial wastes total about mgd. About mgd industrial 
wastes can discharged directly the streams. Six treatment plants are 
proposed. The largest (Bucklin Point) serves 158,000 people; will account 
for mgd 1975, with total equivalent population 400,000; and 
includes pre-aeration tanks, sedimentation, and chlorination—inasmuch the 
discharges into Narragansett Bay and affects shellfish laying well 
recreational use the waters. The entire ‘project estimated cost 
about $15,662,000. Construction started 1949. 

East Bay Municipal Utility sewage disposal project (24) 
for Special District No. comprising the cities Oakland, Berkeley, Alameda, 
Piedmont, Albany, and Emeryville California, was authorized the voters 
November, 1946, with bond issue $23,500,000. Construction began 
February 24, 1948. general, the project (25) consists three large inter- 
cepting sewers, outfall sewer, and primary treatment plant. About 6.5 
miles the intercepting sewers completed, and the rest the system will 
under contract early 1950. 

September 25, 1948, Abel Wolman, ASCE, made report 
sewage disposal City Seattle (26), recommending the continued 
use the waters Puget Sound for disposal dilution, the extension 
various sewer outlets deep water with multiple outlets, and ban con- 
struction combined sewers. questioned the standards the Washington 
State Pollution Control Commission (which provide that Coli (bacteria, 
coliform group) should not exceed per 100 (most probable number). 
The State Pollution Control Commission replied November, 1948, stating 
(27) that pouring raw sewage into the nearest watercourse violation the 
state pollution control law and indicating that the minimum acceptable 
degree treatment for the sewage and industrial wastes the City Seattle 
will primary treatment.” The commission contends that difficult 
predict what conditions will result from the method disposal dilution 
deep water and that Mr. Wolman the same opinion. 

Tacoma Seabrook, and Richard Tyler, ASCE, 
report (28) that the sewage originating the northerly part Tacoma and 
discharging along the southwesterly shore line Commencement Bay will re- 
quire treatment. Because adequate currents, the extension existing 
outfalls about below mean low water will insure satisfactory dilution 
and eliminate deposit solids along the shore. The sewage originating 
the southerly part the city and currently discharging into the city waterway 
and the Puyallup River should receive primary treatment, comprising primary 
sedimentation with flocculation, the removal and destruction all grease and 
floating material, the chlorination both sludge and effluent, and the pumping 
the chlorinated (undigested) sludge into the bay about 2,500 from shore 
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depth about 200 ft. Messrs. Seabrook and Tyler propose eliminate 
sludge digestion. Mr. Tyler notes that difficult chlorinate sewage 
sludge adequately unless quite fluid and well disintegrated. states 
that obviously most economical chlorinate the raw sewage, yet 
approves the proposed treatment. 

began 1948 the project Portland (29), 
with 17,000-ft tunnel, carrying the sewage flow from the Willamette River 
watershed the Columbia River. The fully digested sludge dis- 
charged through the outfall sewer with the settling tank effluent, into the 
Columbia River, which believed furnish ample dilution. 

problem Wilmington described recent report 
(30) collecting the sewage and industrial flow and discharging the effluent 
from treatment works into the Delaware River. Wilmington had area 
miles and population 120,000 1948. The proposed treatment 
works (40 mgd) include sedimentation with separate sludge digestion, earth 
lagoons. The water supply averages around mgd (domestic use averaging 
gal per capita per day). The interceptors are planned for three times the 
dry weather flow. 


Among the other projects which have advanced during the postwar period 
are those San Francisco, Calif., Honolulu, Hawaiian Islands, and Oklahoma 
City, Okla. 

Enlargement Existing the existing plants which have 
been rehabilitated enlarged the postwar period are those for Baltimore, 
Md., and the County Sanitation Districts Los Angeles County 


Baltimore sewage works (31) are situated 547-acre 
tract land. The original works went into operation 1911, with primary 
settling tanks, separate unheated sludge digestion tanks, and acres trick- 
ling filters. Humus tanks were installed later. 

March, 1935, new stage operation began, with mechanically cleaned 
screens and settling tanks. Additional sludge digestion tanks went into 
service December 31, 1947 (making 2,326,100 capacity). 
thirteen units, three are heated (554,700 ft) and ten are unheated (1,771,400 
cuft). Digested sludge elutriated with trickling filter and dewatered 
vacuum filters, the cake being deposited around the plant. 

The capacity the eighteen acres trickling filters (32) has been increased 
supplementary rotary distributors, from loading 1,960 persons per 
acre-ft 4,400 persons per acre-ft. 

From 1940 1948 the population increased from 806,900 956,700; the 
flow increased from 88.3 mgd 132.1 mgd (109 gal per capita per day 138.1 
gal per capita per day); the B.O.D. the sewage declined from 266 ppm 
202 ppm; and the suspended solids increased from 151 ppm 194 ppm. The 
improvements have increased the plant capacity (exclusive the activated 
sludge unit) from 100 mgd 140 mgd average flow, and the plant can process 
peak flows somewhat greater than 200 mgd. 

County Sanitation Districts Los Angeles County—A Rawn, 
ASCE, reports (33) that the County Sanitation Districts Los Angeles 
County, with sewage flow exceeding 100 mgd, have expanded their system 
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the addition four new districts, and are enlarging their facilities 
provide capacity 280 mgd the end 1950. The outfall facilities from 
the plant the ocean are being paralleled with second tunnel, completed 
1952. The local sewage treatment plants Pasadena, Covina, Monte, 
and Long Beach California have been superseded the works the 
districts. 


Ocean disposal the Pacific Coast described the 
late Warren, ASCE, and Mr. Rawn (34a); and ocean disposal the 


Pacific the Pacific Coast south Point Conception 
California, Los Angeles the principal center population, with discharge 
into the open ocean. high-rate activated sludge plant under construction. 
San Diego, Calif., discharges the effluent primary treatment plant (with 
2-hour pre-aeration) into San Diego Bay. North Point Conception, sewage 
disposal confined chiefly bay waters, and treatment being installed 
San Francisco Bay the East Bay cities and parts San Francisco. 
Southern California, the citizens are aware the value the coastal recrea- 
tional waters. The gross pollution the bathing beaches the vicinity 
Los Angeles finally led the California State Board Health forbid bathing 
along miles beach and force Los Angeles court action take steps 
remove the pollution. 

the coast Washington, Seattle and Tacoma are the arms Puget 
Sound. Oregon, Portland arranging discharge sewage effluent and 
digested sludge into the Columbia River, which has flow ranging from 75,000 
per sec 150,000 per sec (35a). Most the coastal towns are rela- 
tively small, but the pollution from pulp mills some locations great (36a). 

Atlantic Seaboard.—The general coast from the Brunswick 
the Texas-Mexico boundary covers some 3,574 miles, with varia- 
tions tide and atmospheric temperatures. The major part the population 
discharging sewage into the ocean along the Atlantic Seaboard con- 
few states with large metropolitan areas. 1938, out 
total population 19,302,000, treatment was furnished for 11,558,000. The 
centers were Massachusetts, New York City, New Jersey, Penn- 
sylvania, and Maryland. Along the Atlantic seaboard recent years (37), 
there has been activity clearing the coastal waters from pollution Maine, 


New Hampshire, Massachusetts, Rhode Island, Connecticut, New York, New 


Jersey, Pennsylvania, Maryland, Virginia, North Carolina, South Carolina, 
and Florida. 


Disposal the Great Lakes the Great Lakes area (38), there has 
been activity controlling pollution for several years. New York, Buffalo 
its sewage works September, 1939. Detroit, Mich., planning 
enlarge its existing plant. Ohio, Cleveland studying improving its 
Southerly Works and Toledo planning secondary treatment. Indiana has 
been cleaning number rivers, particular, the Calumet River (Grand 
and Little). The Sanitary District Chicago approaching completion 
its vast program sewage treatment. 
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Increase Sewage Treatment activity construction 
sewage treatment works summarized the United States Public Health 
Service, follows: 


Year No. plants population served 
5,786 46,865,000 


1948, the total number plants, 2,984 offered primary treatment and 
2,917 complete treatment. 

Sewage Treatment Works Military Sub-Committee 
Sewage Treatment Military Installations the Committee Sanitary 
Engineering, National Research Council (39), contacted 135 sewage treatment 
works out 399 military installations and analyzed the results from 133. 
addition Navy sewage treatment works were included. part, the 
summary and conclusions indicated that (40) the sewage tended to: (a) more 
concentrated than domestic sewage; (b) contain higher proportion volatile 
solids proportion total solids; (c) contain higher proportion grease; 
and (d) exhibit larger and more rapid variations diurnal flow. The installa- 
tions usually contained screens and comminutors. Grit chambers were omitted 
new installations, except locations sandy soil. Both rectangular and 
circular settling tanks were used, with longer detention periods than munic- 
ipal practice and inferior results, probably due nonuniformity flow. 


Filter and 
plants Group designation (Ib per acre-ft -D.* reduction 
effluent (%) 
(ppm) 
4 Deep, no recirculation............ 253- 429 86.9 92.2 
4 Deep, recirculation............... 245-1,170 85.7 90.8 
Shallow, recirculation............ 792-2,320 81.8 88.1 
4 Deep, recireulation.............. 1,190-1,950 78.7 87.5 
Deep, recirculation............ 75.7 82.8 
3 Deep, recirculation.............. 2,530-5,750 70.3 78.3 
4 Shallow, recirculation............ 2,370-8,250 70.1 748 


oxygen demand. Second stage. 


More than one half all the military sewage treatment plants contained 
trickling filters—34 out 300 being selected for study. Comparisons are 
given single-stage, deep, no-recirculation filters; single-stage, deep filters, 
with recirculation; and two-stage shallow filters with recirculation. The re- 
sults are summarized Table 

None the filters loaded with more than 1,000 per acre-ft produced 
nitrification. improved performance and permitted increased 
loading. 
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About contact aeration plants were built Army cantonments and 
few were built for the Navy. Under favorable conditions loading and 
sewage concentration, good effluents were obtained with over-all removals 
B.O.D. averaging from 80% 95% the plants studied. With stale sewage 
aeration troubles, effluents were unsatisfactory and odors were intense. The 
results plants show removal B.O.D. ranging from 60.4% 85.8%, 
using from 1.35 per gal sewage 4.21 per gal sewage (40a). 


“The difficulties operation contact aerators, high maintenance 
labor requirements, and more than occasional odor nuisances indicate that 
contact aerators are less desirable for use military camps than are 
trickling filters. superiority contact aerators over activated sludge 
has been demonstrated.” 


AND MAINTENANCE 


Effect Economic Cycle Design.—Following World War sudden 
rise occurred construction costs, which quickly declined fairly even 
level for number years, rising 1929 and 1930, and then declining during 
the panic years Since the end World War II, con- 
struction costs have steadily risen. not clear whether the peak has been 
reached January, 1950. Although now apparent that plants built 
were installed bargain prices compared costs today, the impact 
inflation operating costs sewage treatment works has varied with the 
type. For instance, the field sludge disposal, the operating costs for 
dewatering and heat drying sludge have risen greatly since 1941, because 
the increased cost labor, coal, ferric chloride, and other supplies—whereas 
the operating cost sludge digestion increased but slightly, only the labor 
factor The activated sludge plants practicing sludge digestion, 
followed disposal sea, are much freer from the effects inflation than 
are those using dewatering vacuum filters and heat drying for sale 
fertilizer. Another factor the value by-products, such are produced. 
During the war years, grease recovery was emphasized and the value increased. 
The same grease today drug the market. The price heat-dried acti- 
vated sludge commerce f.o.b. (free board cars carload loadings) the 
plant following the end World War rose somewhat above the war ceilings. 
competing organics were released from other uses, the price heat-dried 
activated sludge declined. evident that the designer sewage treatment 
works should endeavor forecast the future and develop plant design which 
will produce plants free possible from the influence fluctuations the 
cost operation. 

Mechanization Sewage Works.—Since 1920 there has been decided trend 
towards mechanization sewage treatment works. Sludge thickeners the 
rotary straight-line type were among the first mechanical equipment in- 
stalled. With the advent the activated sludge process and the large in- 
stallation Milwaukee, Wis., the use mechanical equipment became more 
general, with the introduction air compressors (centrifugal positive types) 
and sludge filters (rotating vacuum type), together with rotary driers 
large scale. Around 1935, the development the flash drier for sludge drying 
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and the adaptation the multiple hearth for the incineration sludge opened 
new era, which was slowed down World Although such develop- 
ment may useful large installations for municipalities having populations 
more than 100,000, depending load conditions, may unwise for towns 
with populations less than 50,000. For example, East Chicago, Ind. 
(1940 population, 54,637), treatment works went into service 1947, fully 
equipped with vacuum filters and incinerator. The equipment has been 
idle ever since because cheaper lagoon the sludge. 

The North Side Works (Chicago), built 1923-1928, are completely 
electrified, and contain 370 electric motors totaling 21,000 hp. The West- 
Southwest Works, now nearing completion, will have more than 1,150 motors 
totaling 13,000 hp. The larger units, such sewage pumps and air blowers, 
are driven steam turbines. This mechanization introduces problem 
continuous inspection and maintenance. 

Maintenance Equipment.—The conditions during World War seriously 
impaired civilian maintenance equipment and structures sewage pumping 
stations and treatment works. This difficulty continued through the period 
from 1944 1947, resulting delayed maintenance. 1948, conditions 
improved; and, 1949, general rehabilitation began earnest. series 
staff articles from October, 1943, November, 1949 (41), Morris Cohn, 
ASCE, covers the maintenance wide range devices sewage works. 

Sewer Construction—Large the construction large inter- 
cepting sewers, tunneling methods have been improved, and the amount 
labor has been reduced. suitable soil, the use air spades quite general. 
common cross section inverted half ellipse, this permits flat bottom 
for use during construction. tunnel work, support the 
excavation, steel liner plates are favored, braced steel ribs. prevent 
movement the soil, practice has developed jacking the ribs and liner 
plates firm bearing against the excavated soil, thus preventing surface 
settlement. placing concrete, pipes from in. in. diameter are 
driven down intervals from 700 1,000 apart, and extended inside the 
tunnel. Through these pipes the concrete may pumped into place con- 
crete pumps air ejectors. This procedure results hard dense concrete. 
After the concrete. has set, cement grout pumped between the earth and 
the liner plate. 

Air Conditioning growth air conditioning flow illustrated 
the experience Chicago since 1932 (42). the entire city, the end 
1949 the number installations had increased from 205 6,544 and the 
tonnage refrigeration from 18,000 165,750. 1948 the peak demand for 
air conditioning required 270 mgd, which 105 mgd originated the down- 
town area. The maximum day pumpage the water works 1948 was 
1,293 mgd, compared with yearly average pumpage 972 mgd. Thus, 
the peak warm weather, the air conditioning flow may rise approximately 
21% the total water pumpage. Milwaukee (43), the amount clear 
water from air conditioning plants has led the construction additional 
storm sewers direct discharge the nearest river. 1948, 7.5 mgd 
water from cooling systems was diverted from the sewers leading the treat- 


. 


a). 

en 

n 


SEWAGE TREATMENT 


ment works. About 100 air conditioning and industrial cooling systems are 
use. 1948, Ferebee, ASCE, estimated the combined flow air 
conditioning and condenser water mgd, compared with average sewage 
flow 137.4 mgd, about 10%. 

Fine ago years ago, fine screens (under }-in. 
opening) were considered suitable for treatment raw sewage where ample 
dilution was available. the 1945 Engineering News-Record inventory (44), 
screening plants were listed. However, the Public Health Service 
inventory 1945 showed screening installations, including protect 
trickling filters and ahead activated sludge. 1949, the committee finds 
fine screens use, which give the sole treatment raw sewage; are 
followed activated sludge; and are followed tanks trickling filters. 
Where screening the sole treatment, chlorine applied cases, either 
seasonally the year around. 

California, fine screening minimum treatment barred the 
State Department Public Health (45). New Jersey, fine screening was 
barred November 1927 (46). New York State, the Niagara Falls 


sewage (47) treated fine screen, operation since June 1939, the 


revolving inclined disk type, with slots. 1947, 2.7 wet screen- 
ings was removed per million gal, containing 30.2 dry solids. the 
fine screens use municipal sewage, the Reinsch-Wurl type and the Dorr 
type screens are the major survivors. 


OPERATION 


Sedimentation.— Where primary treatment only needed, rectangular sedi- 
mentation tanks have been built large scale the 
Paul Sanitary District Minnesota, and later, Detroit. The Minneapolis- 
Saint Paul tanks (48) are built two batteries units each, the units being 
wide 290 long, with average water depth 15.5 ft. The deten- 
tion period 134 mgd hours. The Detroit tanks (49) are each 112 
wide 272 in. long, with 238 weir (128 tank area per foot 
weir). These units are designed for minimum flow 22.25 mgd and 
maximum flow mgd. the period from July 1948, June 30, 1949, 
with average sewage flow 394 mgd, the average displacement was 1.2 
hours. The reduction suspended solids was 52.4%; and, 5-day 
43.8%. The sludge removed contained 90.23% water. 

first scientific appraisal the effect aeration was 
made William Black and Earle Phelps (50) 1910. Walker, 
Assoc. ASCE (51), urges the use pre-aeration increase the treatability 
sewage, with periods from min min. Gunson (52) notes 
that 15-min pre-aeration with 0.3 air per gallon helpful Denver, 
Colo., followed 15-min flocculation ahead the clarifiers. 

with Return also another type pre- 
aeration, which short period aeration the activated sludge process 
used ahead biological filters. Probably the first plant this type was 
Birmingham, England, where short-period, activated sludge plant was in- 
stalled (53) ahead trickling filter, based experimental work 1920-1921. 
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Since 1925, the treatment has been built cover the entire flow the 
Minworth works Birmingham. 

Decatur, William Hatfield, Assoc. ASCE (54), reported the 
results 2-year (1925-1926) testing station, using 2.5-hour aeration 
period, which reduced the B.O.D. settled sewage from 30% 40% and 
enabled the trickling filters dosed three times the previous rate with 
unaerated sewage. pre-aeration unit was completed for the entire plant 
and placed operation January, 1928. The sewage was aerated from 


2.66 hours. The return flow from the clarifiers ranged from 


20% the sewage flow (55). 

improve the settling qualities sewage, self-floccula- 
tion has been tested the laboratory (56) and the plant (57). Periods 
suggested Fischer, Assoc. ASCE, and Hillman (57) are from 
min min for flocculation, followed 1.5 hours 2.0 hours the 
clarifier. Under favorable conditions, the clarification sewage can im- 
proved preflocculation without the use chemicals. According the 
Public Health Service Census, 175 plants were equipped 1943. 
1942 the Dorr Company alone listed installations. The second report 
this committee (58a) shows increase removal suspended solids 
the West Side Plant (Chicago) from 5.6% 6.5% and Minneapolis- 
Saint Paul, 4.6%. 

Diffuser its earlier reports the committee 
has discussed the behavior diffuser plates and the maintenance problems 
involved. The investigations the Southwest Works (Chicago) have con- 
tinued, both diffusers and air cleaners. the United States, some 
operators still prefer diffuser low permeability (rating under per 
per min). Others are considering plates having rating from 
per min 120 per min. Unless the air properly cleaned and suitable 
rate air passage maintained, trouble apparently may develop with any type 
porous diffuser. special committee the Federation Sewage Works 
Associations has prepared manual the subject, which now being processed 
for publication (Norval Anderson, ASCE, chairman). 


Types Diffuser Media.—Since the original experiments Chicago, 
Indianapolis (Ind.), and Milwaukee, the majority diffused air activated 
sludge plants have utilized flat plates porous media for the diffusion the 
air. Originally, 1919, the only plate available was the “Filtros.” Since 
1928, and have been offered, with plates 
greater porosity than the For experimental purposes, several other 
materials have been suggested. 1939, porous tubes mounted pipe 
headers were suggested and used emaller plants, the headers being fixed 
position. One the first large installations was Gary, Ind., 1939. 
Such porous tubes apparently clog more rapidly than plates, according the 
tests The Sanitary District Chicago. 

Aeration design diffuser installations has received attention 
recent years, from various aspects. The experimental work the Mil- 
waukee Sewerage Commission led the late Hatton, ASCE, install 
ridge and furrow system original Milwaukee plant 1926. Investiga- 
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tions Hurd, ASCE, Indianapolis, and The Sanitary District 
Chicago indicated the greater efficiency spiral flow aeration, installed 
Indianapolis 1925, and the North Side Works Chicago 1928. 
tests prior construction Chicago, various plate arrangements were studied, 
chiefly with reference the development suitable velocities across the bottom 
the tank. This research led the adoption two rows plate boxes, 
with aeration plates extending 5.5 from the adjoining wall. Subsequently, 
various widths channel and numbers rows plates were tried the 
Calumet and the Southwest Works. Frank Roe (60) has recently suggested 
the so-called wide band air diffusion system effort widen the zone 
air supply, using porous diffuser tubes right angles the tank side walls. 
Mr. Anderson, Chicago, has varied the procedure setting shorter plate 
holders, connected pipe header and placed normal the channel wall. 
This arrangement apparently economical, providing any desired bank 
aeration desired, and easy control air distribution the plates. 

The manual the Federation Sewage Works Associations indicates that 
wide band gives slower circulating velocities and greater bubble contact. 
Hence, for weak sewage, when minimum velocity circulation determines 
the air requirement, narrow diffuser band near the side the tank would 
desirable; and, for normal strong sewage, the diffusers should placed 
wide band. 

Chicago Sanitary Sanitary District Chicago began 
intensive study air diffusers small scale 1941 because clogging 
difficulties its Southwest Works after years operation and, 1942, 
intensive study small groups plates and tubes various permeabilities 
determine relative clogging rates. The investigation was expanded until 
the end 1945 each the eight aeration tanks battery was completely 
fitted with different diffuser system and the eight tanks were operated 
parallel test for determining both the relative clogging rate and air economy 
the respective systems. tank 136 434 ft, arranged four 
passes, making the flow channels wide, center center the walls, and 
1,736 long, with water depth over the diffuser plates. Each tank 
has nominal treating capacity mgd. Mr. Anderson states 
that the tests showed difference the air economy diffuser plates within 
the permeability range from 120, and that the air economy diffuser 
plates improved after prior service about year. 

Air economy improved with greater number diffusers, about follows: 


No. Relative air 
rows Plate requirement 
plates ratio (%) 


Porous tube diffusers have about the same air economy like number 
horizontal plates, operated the same submergence. Any possible 
power saving reduced submergence offset the greater quantity air 
required. Vertical porous plates show less air economy than horizontal 
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plates. Slotted tube diffusers are considerably inferior porous diffusers 
air economy. So-called precision tubes, incomplete tests, apparently clog 
faster than porous tubes. 

plate supplied with clean air should pass from 12,000,000 air 
15,000,000 air. With the more porous diffusers, the rate air supplied 
per square foot plate surface has increased practice from per min 
per min certain cases. Apparently the life porous diffuser 
before clogging its permissible limit determined mainly the total 
amount air passed, rather than the length time service. the 
Bowery Bay Plant New York City, diffuser plates have passed about 
Plant Chicago, the plates after years service have passed 11,000,000 

Adequate air filters are therefore highly important remove dust from the 
air supply. Apparently plates operating air containing 0.5 dust 
per 1,000 air have operated five times long those operating 
2.5 dust per 1,000 air. The tests indicate that the clogging 
rate porous diffusers inversely proportional the permeability rating. 


The results tests relative air economy are briefly summarized 
Table prepared Mr. Anderson. 


(%) (%) 


Diffuser system* 
New 


4 rows of porous plates 

rows porous 

1 row of porous 

Porous plates 
Porous tubes (swings) 
Vertical porous plates 
Slotted brass 


Rate air application was about per min 1,000 tank for rows porous plates. 
For other systems, was proportionately Diffusers service for year more. Making 
allowance for difference in air pressure due to depth of submergence. ¢ Arbitrarily taken as 100% for 
comparison. ¢ In cast-iron containers, normal to the wall. 


the battery addition the West-Southwest plant, 80-permeability 
porous plates are installed tanks and 120-permeability plates 
tank. The plate holders are placed normal the tank walls, projecting out 
8ft5in. plate ratio 1:11.7, with operating rate about per 
min, was computed give the lowest total annual cost this installation. 
the influent half the tanks, there are 27% more plates, secure more 


uniform life, since diffusers clog more rapidly the influent half the aera- 
tion tank. 
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15.0 115 104 115 104 

1,410 15.0 124 112 124 112 
15.1 115 104 116 105 

2,552 13.5 124 112 115 104 

15.0 170 170 170 170 
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Air Cleaning for cleaning not uniform 
activated sludge plants. With dirty air (9.0 per 1,000 ft) Southwest 
Works Chicago, new air filtering system being installed, consisting 
bag filters with loose asbestos fiber lining for primary filtering and automatic 
electronic filters for secondary filtering (installed the fall 1947). This 
system expected reduce the dust content less than 0.5 per 1,000 ft. 

New York City (62) three plants, traveling oil screens are service, 
followed 10-ply treated cellular air mat. With adequate maintenance, 
this equipment has proved satisfactory. 

Air Diffusion Problems.—Much the difficulty with diffusers has been 
caused the failure the designer install efficient and suitable devices for 
removing dust from the air used. Very few data are available the dust 
the atmosphere sewage works. The common types clogging are: 
(a) Underneath, from dirty air particles rust from the air supply system; 
(b) surface, from sludge solids settling the plate—or from chemical deposit, 
such calcium carbonate (from tannery lime wastes) ferric oxide (from 
acid pickling liquor) from biological growths the plate the surface; 
and (c) internal, from moisture carried into the plate structure during humid 
summer weather. 

Maintenance Problems Diffuser Wards Island plant, 
New York City, went into service 1937 and now handles 220 mgd instead 
180 mgd, designed. Various methods for cleaning the diffuser plates have 
been tried, such brushing and treating with acid, caustic soda, and ammonia, 
well sandblasting, with temporary success. Spalling the plates 
traveling oxyacetylene torch (63) gave temporary relief the summer and 
fall 1947, but its limitations are not fully known. The plates the Bowery 
Bay plant, service since March, 1942, became seriously clogged and were 
cleaned oxyacetylene spalling 1949. The most serious diffuser clogging 
the New York plants has been found caused impregnation the 
upper layer the diffuser plate with fine silt and sand. 

Peoria, diffuser plates have been sandblasted (64) the underside, 
about once years, removing the end plates container and pulling 
special nozzle back and forth beneath the plates. The plates Peoria have 
passed about 11,000,000 air years. Milwaukee, Mr. Ferebee 
reports that sandblasting the upper surface Filtros plates has worked 
satisfactorily and preferable spalling torch. 


ACTIVATED SLUDGE 


Activated activated sludge process the early stages the 
United States was used cities inland waters, where local conditions re- 
quired high degree treatment, Chicago, Cleveland, Indianapolis, 
Houston (Tex.), and Milwaukee. Since 1930, the installation high-rate 
activated sludge plants has increased, the seaboard cities Los 
Angeles, Philadelphia, and New York, produce lower grade effluents 
lower cost. This process involves not only shorter aeration period, but also 
low solids the aeration tanks and low air ratio. There has also been 
marked trend towards effluents containing small amount nitrates, with 
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consequent air economy. Other modifications, such step aeration, have 
been favored New York. These methods give the same results the con- 
ventional treatment. Aeration sewage alone without return sludge will 
produce medium grade effluent, shown Indianapolis (36c), where 
part the works operated aeration plant without sludge return. 

1939, Robert Regester, ASCE (65), discussed the problems and 
trends the activated sludge process. general, the objectives indicated 
have been sought: (a) More consistent performance under variable conditions; 
(b) economies construction and operation; and (c) better technique for 
process control and better facility operation. 1949, Richard Gould, 
ASCE (66), summarized the status the activated sludge process and 
recommended certain elements for the improvement design operation, 
such as: (a) Sedimentation raw sewage before aeration (in use North 
Side, Chicago, 1928); closer control sludge age the aeration system 
(used many operators holding low solids mixed liquor); (c) concentra- 
tion excess activated sludge separate tanks (in use Calumet Works, 
Chicago, 1936 and Southwest Works, Chicago, 1941); (d) and (e) 
relocation effluent troughs and sludge removal outlets final settling tanks 
take advantage density currents (discovered Zack, ASCE, 
Chicago 1931); correlation air supply with abstraction sewage 
impurities; (g) regularized reconditioning air diffusion media; (h) employ- 
ment step aeration reduce tanking, improve control, handle greater- 
than-design flows; and (i) utilization high-rate activated sludge where 
complete treatment not required. 

Various observers have endeavored compare operating data diffused 
air activated sludge plants since the Report the Committee Sewage 
Disposal, Engineering Section, American Public Health Association (67). 
Recently, Stanley, ASCE, and Berberich (68) analyzed operating 
data from activated sludge plants plotting four major factors against 
removal—that is, loading, aeration period, solids concentration 
the aeration tank, and air supplied per gallon sewage. The results ob- 
tained are not sufficient establish any real basis design factors, probably 
difference sewage and character effluent. 

Short-Period aeration (sometimes called modified 
high-rate aeration) was first tried experimentally Milwaukee 1915 
(36c) with periods from hour hours. Aeration tests were made from 
November, 1934, December, 1937, batteries (one third the plant) 
the North Side Works (Chicago) with periods from 3.0 hours 5.0 hours 
and, later (from April, 1936, July, 1937), experimentally the West Side 
Works (Chicago) with periods from 1.0 hour 2.9 hours (36d). Under the 
conditions for the disposal effluent Chicago, the procedure was not 
adopted. New York City, however, the procedure proved attractive. 
1943, Jamaica, (36e), high-rate aeration (from 2.29 hours 4.88 
hours) was tried, using 0.42 air per gal (0.34 for aerating sewage 
and 0.08 for air lifts). 

the Bowery Bay plant (36f), comparison was made from 1942 1944 
step aeration and high-rate aeration. High-rate aeration produced 
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decreased volume sludge, with heavier digested sludge lower volatile 
content and lesser quantity. New York City, practicing high-rate 
activated sludge treatment, low concentrations solids are carried the 
aeration tanks and the sludge age kept under from hours hours. 
the Jamaica Sewage Treatment Plant, high-rate activated sludge has been 
used for years and the approved method operation for plant originally 
designed for step aeration and conventional activated sludge. 1948, the 
average operation results for 40-mgd flow with 2-hour aeration, using 0.39 
air per gal, reduced the suspended solids 80% and the 75%. 
The thickened sludge digesters contained 6.49% solids. 

The new Owls Head plant (New York City)(160 mgd) designed for 
2-hour aeration period, based the average sewage flow. the Rockaway 
plant (15 mgd) aeration period slightly more than hours provided. 

Step aeration modification the activated sludge 
process (69), whereby the sewage flow can introduced regulated amounts 
multiple points throughout the flow the returned activated sludge through 
the tanks. Provision has been made the design the Tallmans Island, 
Bowery Bay, Jamaica, Twenty-sixth Ward, and Hunts Point plants New 
York City for step aeration. All have facilities for receiving sewage any 
all four passes, except Tallmans Island, which cannot receive sewage the 
third pass. The Wards Island plant was remodeled 1949 provide step 
aeration, with the expectation increasing the capacity the plant from 
180 mgd 240 mgd. This will permit adding settled sewage the first, 
second, fourth passes. operation, lower solids will carried the 
aeration tank effluent. 

Operating results Bowery Bay (70) from March 1947, September 
30, 1947, indicate 1-hour sedimentation 2.5-hour aeration and 
1.7-hour final settling, with flow mgd and 25% return sludge. Using 
0.65 air per gal, around 90% the B.O.D. was removed. the 
method operation, the return sludge was aerated for 6.8 hours, then half 
the primary effluent flow was contact with sludge and aerated 1.6 hours, 
and half was contact with sludge and aerated 0.6 hour. During the process, 
590 air was used per pound removed. the effluent the 
D.O. averaged 4.3 ppm; and the 14.5 ppm. The basic control was 
“sludge is, the average number days the sewage solids remain 
under aeration. Mathematically, the sludge age calculated dividing 
the weight suspended solids under aeration the daily suspended solids 
load imposed the aeration system. 

Use Oxygen Activated Sludge Process.—Based laboratory studies 
small scale (14.9 per min 56.7 per min) and the use oxygen 
place air, Daniel Okun, Assoc. ASCE (71), claims that greater 
efficiency can obtained removal B.O.D. smaller volume aeration 
tanks and that bulking, occurs, does not impair bioprecipitation. 
Mohlman notes that more data larger scale are required substantiate 
Mr. Okun’s claims, and particularly tests parallel with air one aerator and 
oxygen another. 
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Aeration aeration has been adopted limited way. 
Although 25% return sludge the aeration tanks commonly taken 
basis design, many plants are able return 50%. The size blower 
units the larger plants has now risen 130,000 per min pressure 
8.5 per in. the West-Southwest Works (Chicago), the blower in- 
stallation comprises three units 70,000 per min each, one 115,000 
per min, and two units 130,000 per min each, designed for 
maximum pressure 8.5 per in., all driven steam turbines. 

Return Sludge large-scale activated sludge plants, centrifugal 
pumps have been used return the sludge, the North Side and Calumet 
Works (Chicago), Wards Island (New York), and the Easterly Works 
Cleveland. The Southwest Works (Chicago) are equipped with air lifts 
place pumps for returning activated sludge. This procedure was adopted 
for three reasons: (a) The difficulty conducting sludge into and out 
common pumping station and the very large conduits which would otherwise 
have been required; (b) the problem securing efficient pumps proper 
characteristics; and the lower cost the air-lift installation. Two lifts 
each in. diameter were provided for each settling tank, one for ordinary 
flows, and the other provide additional capacity for maximum rate 
45% the average sewage flow. New York City, the plants Tallmans 
Island (40 mgd), Bowery Bay (40 mgd), and Jamaica (65 mgd) also have air 
lifts for return sludge. 

Plant Design.—In the West-Southwest Works (Chicago), the aeration 
tanks are designed for 37.5 mgd and the final settling tanks for 12.5 mgd each. 
Since this the largest plant which has yet been built, probable that these 
final settling tanks are large any circular tanks yet projected (126 
diameter) activated sludge plant. The need utility tunnels for air 
mains and general piping has been.shown. the Chicago plants (Calumet and 
Southwest), grit chambers were found necessary and have been installed 
Calumet. Very few new plants are now being equipped with fine 
preliminary settling tanks being preferred. New York, the use fine 
screens the Jamaica plant and the Twenty-sixth Ward plant has been 
discontinued. However, Milwaukee has used slotted screens since 1926, 
and Indianapolis has used its 2-in. slotted since 1925. 


SLUDGE PROCESSING 


Final Tanks (Activated Sludge).—With the exception the Jamaica 
plant (tanks, 120 diameter), the other four New York City plants have 
rectangular final settling tanks, varying length from 93.42 179 ft, and 
liquid depth from ft. The development final settling tanks 
was reviewed the second progress report (58c) this committee. Whether 
circular tanks are used, Chicago, rectangular tanks, New York 
City, evident that activated sludge final settling tanks behaves differ- 
ently from raw sewage solids, because density currents. Mr. Anderson (61) 
believes the sludge drawoff rectangular tanks should the inlet end, 
whereas Mr. Gould prefers the outlet end. the Southwest Works 
(Chicago), Mr. Anderson has used circular settling tanks 126 diameter, with 
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weir trough diameter, carried cantilever brackets. The sludge 
drawoff the center the tank. Townsend, ASCE, states 
(61b) that Milwaukee depth required, although some plants 
where the ratio peak flow average flow lower, has used ft. 

Sludge Concentration.—For various reasons, disposing liquid sludge, 
the solids has been attempted lessen the volume. Some- 
times concentration used prior pumping through pipe line (as Chicago, 
Baltimore, and Cleveland), reduce the volume prior barging sea (as 
Elizabeth, J., and New York City), prior digestion filtration. 
The methods adopted may physical, settling, chemical, such the 
addition coagulant elutriation. General data types tanks, 
dimensions, and operating results were given the third committee report 
(36g). the North Side Works (Chicago), the results 1945-1948 were 
very similar those for 1942-1944. Likewise, the Southwest Works, 
results 1945-1946 were very similar those for 1944. 

Control Bulking Use Digested sludge and digester 
overflow were tried Peoria Kraus (72) control bulking activated 
sludge with monthly plant efficiency 95% removal and suspended 
solids. The digested sludge first converted activated sludge sludge 
treatment aeration tank for hours. Apparently more air required 
with about three and one-half times the solids the system than normally 
used, and better effluent results. The Kraus procedure used Peoria 
and Decatur and incorporated the Northeast plant 
Preston Witcher (73) also reports using similar procedure Ann Arbor, 
Mich., maintain the sludge better condition. 

Mechanical the smaller municipal and institutional plants, 
mechanical aerators are increasing popularity. There are probably 
excess 131 installations the United States. number types are 
available, with central rotating device. Douglas Dreier, Jun. ASCE 
(74), has compiled data installations the United States. 

Effect Digestion Sewage Rawn and Candell (75) 
have investigated the effects anaerobic digestion sewage sludge and suggest 
that, wherever sludge banks will not formed, either 11-day-old 60-day-old 
digested sludge may disposed dilution the clarifier effluent, condi- 
tions permit disposal the latter with safety. Apparently additional studies 
are desirable. 

Sludge Lagoons.—The review the Committee Sewage Disposal the 
Engineering Section the American Public Health Association (76) shows 
growing utilization lagoons the United States, either temporary 
method sludge disposal semipermanent method. The largest in- 
stallation the Southwest Works (Chicago), with capacity 2,530 acre-ft, 
allowing for 51.2 per capita. For the proper operation lagoons, with 
freedom from odor, some pretreatment the sludge heat-controlled digestion 
tanks desirable. 

Ponding industrial wastes, often referred has been 
practiced for many years. This method particularly applicable where the 
industrial operations are seasonal (77). For beet sugar wastes, ponds were 
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used prior 1919. the chemical industry, the sludge from settling tanks 
the Semet-Solvay Works Syracuse, Y., was pumped lagoons around 
1895. recent years, the disposal cannery wastes lagoons (78) has been 
stimulated the use sodium nitrate, suggested Sanborn 1940. 


Lagoons for 


Creighton, Pa., impound 

from 300 tons 400 tons 


Pittsburgh Plate Glass Company 
has installed pipe line mile 
long, through which the 
thickened wastes (from 20% 30% solid) are pumped pond (700 
1,600 area) created damming valley (79). 

Sludge Public Health Census, December, 1945, 
lists separate digestion plants given Table 

The municipal heated tanks include three the 2-story 
type and the unheated include municipal and institutional installations. 
Included under heated digestion are 111 stage digestion installations. 

The Committee the Sanitary Engineering Division, ASCE, Sludge 
Digestion its final report (80) summarized standard practice separate 
sludge digestion 1938. The committee indicated that, instead stating 
the capacity the sludge tank cubic feet per capita, should stated 
terms the weight solids the sludge removed daily from the sewage. 
1938, Greeley, ASCE (34c), recommended yardstick design 
instead feet per capita,” the “pounds suspended solids de- 
livered into the digestion tank per cubic foot digestion tank capacity per 
month,” and indicated the then current rates from per per month 
per per month for relatively complete digestion, and rates high 
4.5 for partial digestion. cities, cited actual rates from operating 
data ranging from 0.80 per per month 3.26 per per month, 
and from 2.03 per capita 4.45 per capita. Recently, Rankin, 
ASCE, suggested (81) that more desirable yardstick pounds volatile 
solids per cubic foot per month, and further advocated measuring sludge 
loadings time detention basis, determined the displacement 
the raw sludge feed. Long detention periods the digesters give the greatest 
freedom from supernatant troubles and denser sludge. plants ex- 
amined Mr. Rankin, the detention periods ranged from days days. 
The loading pounds per foot per month for total solids ranged from 
1.6 10.0; and, for volatile matter, from 1.2 8.6. The highest loading 
was for the 11-day period. 

Boston, with ultimate disposal the digested sludge into the ocean, 
heat-controlled digestion has been adopted, with loadings 2.2 total 
solids per foot per month and 1.67 volatile solids per foot 
per month, with approximately 40-day detention period. The capacity 
approximately 1.4 per capita. Portland, Ore., the capacity for sludge 
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digestion about per capita, with loadings 2.70 total solids, 
1.8 volatile matter per cubic foot per month and 39-day detention 
period. Recently, the California State Board Health permitted the East 
Bay Municipal Utility District Oakland install the first digesters, 
with initial loading 3.78 solids per cubic foot per month for the 
maximum month, and ultimate loading 5.5 solids per cubic foot per 
month 1970, with the understanding that the adequacy will judged 
actual results operation. The sludge derived from settling only. 

Mr. Greeley currently states that the loads sludge tanks should 
judged with due regard the characteristics the incoming sludge and the 
methods the particular plant for disposing the digested partly digested 
material. his opinion, major weight should given first the load 
terms pounds dry suspended solids the sludge per cubic foot tank 
capacity per month; second, the available liquid displacement period; and, 
third, the load pounds volatile solids per cubic foot per month. 
his opinion, the minimum liquid displacement for sludge from preliminary 
settling tanks may from days days, where density the withdrawn 
sludge not important. the other hand, New York City, where the 
excess activated sludge handled, period days preferred, obtain 
denser sludge for barging sea. 

The design basis years ago was general 2.75 total suspended 
solids per foot per month, although Springfield, loads more than 
were recent years, loadings high 5.34 per cubic foot 
per month have been attained sedimentation sludge. the Hunts Point 
(New York City) project, annual average was used for both preliminary 
and final sludge from 3.6 per per month 4.8 per per month 
heated digestion tanks, with total loading all sludge tanks 1.8 
per per month. 

The size large unit digesters has increased from diameter 
1931 115 diameter 1949. Apparently the largest operation 
105 diameter Detroit. 

Since 1938, the number separate heated-digestion tanks the United 
States has increased, chiefly the north. rule, digestion temperatures 
around 95° are preferred, although many digesters are maintained 85° 
the colder climates. The collection gas floating covers has grown 
favor. Through 1949, floating covers had been installed 813 plants, in- 
cluding 235 war installations. 

The design heated tanks has been improved, with better control heat 
variety heating devices was described the fourth report the com- 
mittee (35c). 

Stage Digestion.—T wo-stage digestion has become popular, with the primary 
tamk equipped with devices for heating the digesting sludge and accomplishing 
the major part the digestion, and the secondary tank used mainly for storage 
under relatively quiescent conditions (80). the renovation the Baltimore 
sewage treatment works, the original separate unheated-digestion tanks (31) 
have been gradually scrapped. December 31, 1947, there were three 
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heated-digestion tanks, with working capacity 554,700 ft, and ten un- 
heated open tanks, with working capacity 1,771,400 ft, making total 
capacity 2,326,100 ft, approximately 2.46 per capita. New 
York City, the (activated sludge) Hunts Point Sewage Treatment Works 
now under construction, 19-day displacement provided four heated- 
digestion tanks, and 26-day displacement four secondary digestion tanks, 
based annual average quantities. 

the County Sanitation Districts Los Angeles County, the four-stage 
digestion settled sludge practiced Mr. Rawn, the late Perry Banta, 
ASCE, and Richard Pomeroy (82) still unique. produces digested 
sludge good quality with loading rate excess dry solids per 
cubic foot per month. Mr. Rawn reports volatile content the digested 
sludge slightly more than 51%, and the following periods digestion: 


Days Return sludge (%) 


Gas utilization began the United States about 1913 
Atlanta, Ga., for lighting, heating, and laboratory purposes. 1926, 
Plainfield, J., Downes installed two small gas-driven, air-driven (each 
15-hp) air compressors. Later, 1928, Charlotte, C., two gas engines 
were installed, one (225 hp) blower, the other (55 hp) pump, followed 
1932 Springfield, Ill., 180-hp engine driving blower. Since 1926, 
installations have been made about 213 municipalities 271 gas engine units, 
ranging from 1,700 hp, for driving pumps, air compressors, and electric 
generators. New York City alone has plants with engine units installed, 
with total horsepower 40,170. The more recent engines are 1,450-hp 
dual-fuel units, which are actually gas engines operating the diesel cycle, 
using pilot injection diesel fuel oil for ignition purposes. This type 
engine can operate fully diesel fuel necessary, gas. Automatic 
controls adjust the amount diesel fuel necessary meet the gas flow and 
maintain full power output. Nine 1,688-hp dual-fuel diesel engines are being 
installed the Los plant. Nut Island plant (Boston) 
two 820-hp dual-fuel diesel and one 840-hp gas engine are being provided. 
both Los Angeles and Nut Island, power will entirely derived from within 
the plant. 

Experience Cleveland, Chicago, and New York City indicates the im- 
practicability selling excess sludge gas the gas utility. 

Genter, ASCE, reports elutriation plants 
operation and under construction the United States and Canada. Fur- 
thermore plans are completed for about other plants. The enlarged 
Richmond-Sunset Plant San Francisco was completed and went into opera- 
tion 1948, with extra vacuum filter. The novel method elutriating 
the digested sludge between and after both stages digestion, the saving 
digestion space, and reduction chemical consumption, are worthwhile. 
January, 1948, cleaning out the secondary digester Marion, Ind., 
which experiments were conducted 1943, deposit heavy sludge 
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deep the 65-ft-diameter tank was discovered, with average solids content 
about 18.5%, and volatile content 37.9%. Thickening digested sludge 
prior filtration was effected Marion (83), pumping the sludge from the 
bottom primary digester into secondary digester through 6-in. pipe 
line, with the admixture cold quarry water, two volumes water one 
sludge. Sludge concentrations increased from 5.88% 6.65% 8.65% 
9.94%. Mr. Genter finds that all installations filtering elutriated digested 
solids show chemical savings. Springfield, Mass., McDonald uses 
mixture alum and ferric chloride for conditioning the elutriated sludge, 
amounts 69% alum and 31% ferric chloride, and reports 1947 and 1948 
that the average amount the combination used was but the dry 
solids. the new Virginia plants Newport News and Portsmouth, about 
ferric chloride used elutriated digested solids. 

Sludge Dewatering Vacuum the two decades prior 
1940, extensive experimental work was conducted Milwaukee, Chicago, 
Baltimore, and elsewhere the vacuum filtration various types sewage 
sludge. This research was followed the installation vacuum filters 
number sewage plants, both large and small. the period from 1940 
1949, further experiments were made sludge filtration the United States 
and England, and approximately sewage plants were equipped with vacuum 
filters the United States. The largest installation the world now 
under construction Chicago, with filters, and total 55,860 
filter area. 

Mr. Genter has described (84) the principles and factors which affect 
vacuum filtration sludge and also the operating control (85). The design 
and construction vacuum filters have been improved and operating methods 
devised prolong the life filter cloths. Ferric chloride the approved con- 
ditioner, either with without lime. The life canton flannel cotton cloths 
varies from hours 900 hours, whereas woolen cloths last from 400 hours 


2,500 hours different instal- 
TABLE AND INCINERA- one case, nylon 


TION INSTALLATIONS THE UNITED reported have lasted 2,000 


States (1950) hours. 


naer 

drying and incineration instal- 


Vacuum spray........ 1 


1949, flash driers were 

under construction the West- 

Southwest Works (Chicago), 

San Diego, Los Angeles, and Fond Lac, Wis. 1948-1949, multiple 
hearth units were under design construction Fall River, Mass., 
Toronto, Ont., Canada, Akron, Ohio, Ann Arbor, Mich., Providence, 
and Bridgeport, Conn. The units Toronto and Ann Arbor are being 
equipped with flues, dampers, and burners, that the unit can used 
incinerator drier, Dayton, Ohio. 
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Trickling Filters.—In 1945, the Public Health Service reported 1,428 
conventional trickling filters municipal service and 208 institutional 
service, total 1,636 plants. its third progress report (36h), this com- 
mittee commented trickling filter practice. Mr. Dreier (86) has reviewed 
the experience the operation standard trickling filter plants, serving 
from 3,000 325,000 population. 

The development high-rate trickling filters and their design and use 
were outlined (87) Mr. Greeley. During World War II, about high-rate 
filters were installed army posts, and 1942 there were approximately 
municipal installations. 1945, the Public Health Service reported 128 
municipal and institutional installations, total 146 plants. 
tion clearly increases the removal B.O.D., but little nitrification expected. 
The subcommittee sewage treatment the National Research Council 
(40b) holds that: the filters loaded over 1,000 per acre-ft. produced 
nitrification.” According the B.O.D. loading, the installations cited, 
from 770 13,780 B.O.D. per acre-ft per day efficiencies ranged from 
81% 31% 

value oxidation ponds (88) was first discovered 
Santa Rosa, Calif., 1924. The installations (77a) have been principally 
California and Texas climates with sunshine throughout the year and 
freedom from freezing weather. Pretreatment important remove solids, 
which would otherwise settle the bottom the ponds. California there 
are ponds for populations ranging from 450 18,400, and the present design 
practice permit loading B.O.D. per acre-ft per day general, 
although has been used warm central valleys. The depth varies from 
are usually supersaturated with dissolved oxygen, except when overloaded. 
When least 30-day detention provided, the oxidation pond effluent may 
used any way that well-oxidized effluent can used. Bacterial reductions 
are reported equal those chlorination. Texas, the State Department 
Health reports about 100 municipalities using oxidation ponds secondary 

treatment holding tanks connection with land disposal effluent 
broad irrigation. Loadings are permitted B.O.D. per acre 
surface area, with effective depth not greater than ft. 


CHEMICAL TREATMENT 


1945 Engineering News-Record survey (44) shows 1,313 
sewage treatment works equipped with chlorination apparatus, compared with 
921 works equipped 1938. Chlorine has four general classes use: 
(a) aid disinfection; (b) adjunct primary treatment; (c) 
adjunct secondary treatment; and (d) adjunct sludge disposal. 

The application chlorine the field sewage treatment was covered 
1934 the Committee Sewage Disposal the American Public Health 
Association (89). This was supplemented 1938 Enslow, Assoc. 
ASCE and the first four reports this committee. the end 
1949, chlorine was recognized (90) sewage treatment useful adjunct 
primary treatment controlling odors, relieving plant overload, removing 
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grease, improving clarification, and reducing bacteria. Chlorine has also been 
recognized helpful secondary treatment controlling odors from trickling 
filters, filter pooling, and filter flies. sludge disposal, chlorine has been used 
control foaming and treat supernatant liquor and waste activated sludge. 

The value chlorine reducing the organic load from effluents before 
discharge streams still controversial, the action seems mainly one 
delayed decomposition rather than one destruction organic matter. 
The evidence control bulking activated sludge plants also uncon- 
vincing. addition the weight evidence that chlorine not much 
cleaning clogged diffuser plates. Chlorine not active agent 
thickening sludge (91), but may helpful some situations conditioning 
the sludge prevent septicity. 

Chlorination Sewage use chlorine reducing the 
bacterial content sewage treatment works effluent increasing because 
helps protect bathing beaches water supplies. Detroit (92), the 
8-year period from 1941 1949, the average use was 5,638,800 per yr, with 
maximum annual use 7,828,000 per yr. The maximum rate daily 
application was approximately 35,000 lb. Los Angeles, connection with 
screening, about 36,000 per day are used (93). Buffalo (94), Cleveland (95), 
and plants the North Shore Sanitary District north The Sanitary District 


Chicago also use considerable amounts chlorine for the protection 


water supply and bathing beaches. the New York City treatment 
plants, the effluent chlorinated for the protection bathing beaches during 
the summer recreational months, using annually about 700 tons chlorine. 

Chlorine Use Industrial Wastes.—According Ridenour, Assoc. 
ASCE (96), the alkali-chlorine treatment metal plating wastes remove 
cyanides and heavy metals increasing popularity because economical 
and operating advantages. Laboratory tests indicate that the cyanides can 
reduced below ppm and that 16,000 treated waste can tolerated 
per million gallons sewage the activated sludge process, evenly dis- 
tributed over 24-hour period. 


Chlorine production the United States (97) 


risen from tons per day plants 1900 more than 5,000 tons per day 
plants 1949. Since 1940, the capacity has more than doubled. The 
plants are chiefly east the Mississippi River, where cheap salt, cheap power, 
and ample supply water are available, and proximity markets for 
chlorine chlorine products. The price per ton tank cars f.o.b. works 
was $35.00 per ton from 1939 1946, rising $40.00 per ton 1947, and 
$50.00 per ton 1949. Since 1940, the price chlorine advanced only 37%, 
compared with 100% for the commodity price index. 1950, installed 
chlorine production capacity the United States expected about 
5,300 tons per day, having risen from 2,000 tons per day 1940. 


Chemical Treatment furor over chemical precipitation 


current between 1930 and 1933 gradually subsided 1940 the various 
procedures experienced the test unbiased appraisal. The Committee 
Sewage Disposal The American Public Health Association (98) 
the historical development the chemical treatment sewage and the status 
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the art 1935. that time the United States there were only 
plants which could classified chemical treatment plants, although 
others used chemicals emergency measure. 1943, according the 
Public Health Service, there were 202 plants; but, these, did not 
use any chemicals, although they possessed some equipment. 1945, the 
Engineering News-Record inventory (44) indicated 158 plants. 1949, far 
the committee can ascertain, there were only plants using chemicals 
continuously, and using chemicals regular season. addition, 
least plants are equipped use chemicals. 

1938, Wellington Donaldson, ASCE reviewed the status 
chemical treatment sewage and noted that chemieal precipitation plants 
were operation and were under construction. the plants then listed, 
proposed use chemicals seasonally. Chemicals were use plants 
for odor control and plants for sludge conditioning. Among the plants 
then listed were Denver (chemical treatment abandoned); St. Charles, 
(Putnam process abandoned); Paul (never used except for 
test purposes); Winston-Salem, (Landreth oxidation still 
service). The remaining installations are mostly small. With the exception 
the Scott-Darcey process method preparing ferric chloride the plant 
site from scrap iron and chlorine), the proprietary processes are less numerous 
than formerly. Most the listed Mr. Mohlman (99) 
1933 have disappeared through failure find application practical full 
plants. 

From time time, the Guggenheim process has been revived various 
forms and offered for test. the early plants, New Britain, Conn. mgd), 
went into service March 1937, and still operating (100). The plant 
Anderson, Ind. mgd), went into service June, 1940, and has operated with 
sulfate alumina recent years. The East Chicago plant (20 mgd), designed 
Guggenheim plant, went into service 1947, using sulfate alumina 
almost continuously the coagulant. With from 3.5 hours 4.7 hours 
aeration and from 0.4 air per gal 0.83 air per gal, and return 
sludge, the East Chicago plant can apparently classed high-rate 
activated sludge plant. The excess sludge lagooned. vacuum filters 
and multiple hearth incinerator stand idle. 

The theory chemical coagulation and the development for 
various procedures were investigated very thoroughly the period from 1935 
1949. more recent years, little additional information has come 
light, although various workers are still seeking discover new more efficient 
chemicals. 

Undoubtedly there place for chemicals the field sewage treatment 
relieve overloaded units temporarily while planning constructing exten- 
sions plant. New Jersey, where intermittent sand filters are prevalent, 
the use chemical precipitation advantageous because regulations the 
New Jersey State Board Health permit loading 400,000 gal per acre per 
day with chemical effluent, compared with loading 150,000 gal per acre 
per day following plain sedimentation. Chemical treatment has proved helpful 
where trade waste received and where waste pretreated the source 
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particularly acid wastes are discharged, which need neutralization. 
sewage disposal, sodium nitrate has been used for odor control the stream 
receiving the plant effluent (101). the treatment cannery wastes, sodium 
nitrate has been applied lagooned wastes (102). 


INDUSTRIAL WASTES 


the last years there has been remarkable increase interest 
the treatment industrial wastes. Industrial waste conferences, such 
those held Purdue University, Lafayette, Ind., have been value. The 
American Petroleum Institute (API) has studied certain phases handling oil 
refining wastes, particularly the design oil separators. For several years the 
American Steel and Iron Institute investigated handling waste acid pickle 
liquor. The National Council for Stream Improvements, Incorporated, 
still actively studying paper wastes. with all this active research, stream 
pollution problems are still being solved the use well-known principles, 
and not because recent research. Witness the control stream pollution 
the Androscoggin River Maine, described elsewhere, where reduction 
the production sulfite liquor, stream regulation, storage industrial wastes 
with letdowns suitable seasons, and the use sodium nitrate emergencies 
seem have brought relief. the oil refinery, better knowledge needed 
the character effluents from various processes, and the sources polluting 
material. The most modern separators for recovering oil are described (103) 
Hart, but little said the subject other taste-producing sub- 
stances, such phenol. refineries are working eliminate such materials 
from their effluents, little revealed. 

the literature industria] wastes the last years, the annual review 
the Committee Research the Federation Sewage Works Associations 
(1)(2) and the symposium the American Chemical Society (104) are out- 
standing. the United States, Edward Eldridge, ASCE (105), has 
written the only book covering wide field. Great Britain, Southgate 
has published compilation industrial wastes (106). Reports the 
industrial waste conferences Purdue University (107)(108)(109) contain 
useful information for wide range industries. The API has issued number 
bulletins, one which describes the API separator (110), which functions 
separate free oil from water. Probably the largest separator the refinery 
the Standard Oil Company (Indiana) Whiting, Ind. (handling 120 mgd). 
This operated parallel with old separator (80 mgd). The combined 
contains about 200 oil daily. However, such devices will not 
break The treating and breaking emulsions are under study, 
well the removal tastes and odors. The disposal caustic wastes requires 
attention. the smaller refineries, new equipment can installed, with new 
processes, obviate discharge troublesome material. 

Treatment and Disposal Waste Soluble general, soluble oils are 
homogenous compositions containing mineral oil, pure oil, other hydrocarbon 
oils; emulsifying agents such potassium sodium soaps oils 
and indeterminate amount water. When mixed with water, 
stable emulsion formed. This widely used machining operations 


ac 

Ww 


SEWAGE TREATMENT 1289 


coolant and lubricant. The soluble oil may used dilutions ranging from 
100. Ordinarily, the dilution about 20. The emulsion 
frequently used over and over, but eventually goes the drain and un- 
desirable stream sewage plant. Mr. Eldridge and Purdy (111) 
indicate methods for breaking down the oil emulsion recover oil, and for 
removing the residual oil and B.O.D. The procedure ball-bearing plant 
Sandusky, Ohio (112), Harry Unwin: 

Digestion Industrial Wastes—Anaerobic fermentation with 
production methane (113) has proved advantageous and economical for 
treating manufacturing wastes containing from 0.5% 2.5% fermentable 
material. lower concentrations, aerobic methods are frequently more 
economical; and, concentrations above the upper limit, evaporation with 
the recovery stock feed often profitable. 0.2 organic 
matter per cubic foot fermenter volume per day are used several plants 
handling distillery, yeast, and malt wastes. Strawboard wastes were digested 
high rates temperatures between 25° and 37° (114), with agitator. 
new development was the continuous return sludge (similar activated 
sludge plant flow diagram). This proved more effective than the old type 
with intermittent return. The digestion wool scouring wastes was studied 
Lebanon, Tenn., Singleton, ASCE (115), pilot plant 
operated over 3-week period with loading 0.06 volatile matter per 
cubic foot per day. The gas yield was from 8.6 per per 
volatile matter. Reductions 65% volatile matter and 90% grease 
were obtained. 

Effect Industrial Wastes Sewage Works Coburn 
describes (116) the headaches from treatment combined industrial wastes 
and sewage, such high temperature dye wastes and soluble oils. Metals 
and wastes from metallurgical and metal working plants are deleterious 
sewage treatment, particularly iron, chromium, zinc, and cyanides. 
Acid iron pickling wastes have caused trouble Cleveland and Fostoria, Ohio, 
Chicago, and Worcester, Mass. Zinc has retarded sludge digestion Fostoria, 
Elyria, Ohio, and London, Ont., Canada. Mercury and zinc have inhibited 
handled, but ppm disturbing. Rahway, J., penicillin wastes upset 
sludge digestion. Most authorities agree that gasoline, mineral acids, and 
cyanides should excluded from sewers. Whey has proved (118) trouble- 
some activated sludge treatment Marion, Ind. 

Other industrial wastes which affect the operation sewage treatment 
works are listed the second, third, and fourth progress reports this com- 
mittee (58)(36)(35). 

Effect Detergents Sewage Rudolfs, ASCE, 
Raymond Manganelli, and Isiah Gellman (119) point out the increase use 
surface active agents, from 27,960,000 1941 184,442,000 1945, 
and estimated 100,000,000 1949—although these agents represent 
somewhat less than 30% the total soap production 1948. Soap production 
has tended decline. general, replacement soap detergents reduces 
the strength the sewage. The effect detergents sewage plant units 
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not uniform. Slightly acid detergents tend inhibit grease 
alkaline, they may aid grease removal. general, strong sewage, deter- 
gents increase the effluent settling tanks, and have material 
effect digestion. The effect the operation the activated sludge 
process threefold—causing foaming, floc agglomeration, and carry-over 
suspended matter. Some detergents cause more foam than others. Increased 
B.O.D. the effluent from settling tanks may affect secondary treatment 
devices. Detergents may not toxic biologic activities but indirectly may 
affect sewage treatment plant operation, shown principally decreased 
efficiency settling tanks, with consequent increased load trickling filters; 
(b) foaming, floc agglomeration, and carry-over activated sludge units; and 
reduction gas production from sludge digestion. 

Atomic its fourth progress report (35d), this committee cited 
various references possible wastes and the effect the procedure cooling 
water used atomic bomb research. The hazards plants appear 
follows (120): The disposal radioactive wastes arising from— 


(1) operation chain-reacting pile for production plutonium; 
(2) production radio isotopes; (3) production atomic energy; (4) dis- 
tribution radio isotopes for experimental purposes 


problem, especially some the isotopes may have life 
24,000 years. 

Disposal may made by: (a) Dilution streams other bodies water; 
(6) mixing isotopes with more stable isotopes; (c) storage until they decay 
into stable isotopes; and (d) concentration, with disposal storage 
using concentrated solution make concrete blocks which could dumped 
into oceans. 

Apparently there possibility danger the atmosphere, soil, and 
surface streams (121). Arthur Gorman, ASCE, and Mr. Wolman (122) 
describe the possible waste problems connected with the production and use 
radioactive materials. Dry wastes may buried. Liquid 
wastes may lagooned. Mr. Gorman (123) outlines the problem safe 
disposal radioactive liquid, gaseous, and solid wastes, and indicates the 
permissible maximum limits contamination air and water. 


SLUDGE AND SEWAGE 


Use Reclaimed Sewage.—The industrial use sewage effluents was dis- 
cussed the fourth progress report this committee The largest 
use Baltimore (124), where 1947, mgd was sold the city, which 
mgd was activated sludge effluent. The rate schedule given the 
fourth progress report the committee 

Use Sludge Fertilizing Material.—From 1934 1940, Milwaukee and 
Houston were the only two sewage treatment works the United States 
selling heat-dried activated sludge. 

1941, The Sanitary District Chicago entered the field the bases 
sales bulk carload lots, f.o.b. cars, the sewage treatment works Chicago. 
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During World War II, the price bulk was controlled the Office Price 
Administration ceiling, given Table 

Since the removal ceilings, the bulk price Chicago rose peak 
1947 $3.94 per unit ammonia and $0.40 per unit available phosphoric 
acid (APA) and has since dropped 
$2.40 per unit ammonia and $0.40 per 5.—Prices 
unit APA. The annual average bulk SLUDGE 
price per ton rose $25.25 1947 War 
declined $14.13 1949. Houston, 
the price dropped about $2.50 per 
unit ammonia 1948-1949, with City 
average price 1949 $16.87 per 
f.o.b. plant. The average analysis 
NH;, 6.17% and 3.29%. Houston, Tex.,...... 

San Diego, relatively low-grade 
heat-dried digested sludge was sold from 
July 1946, March 10, 1949, for $20.00 
per ton, 100-lb sacks, f.o.b. the plant. The contractor supplied the sacks. 
The sludge analyzes 2.95%; 2.5%; and 0.13%. 

The Los Angeles County Sanitation Districts continue sell air-dried 
digested sludge, delivered wet the drying beds, the Kellogg Supply 
Company net price about $2.00 per dry ton. 

Dual Disposal Garbage with are three methods dual 
disposal garbage with sewage: (a) installing household garbage grinders 
and discharging the ground material, mixed with water, into the sewer; (b) 
installing central municipally operated stations for grinding garbage which 
hauled, ground, and dumped into the sewer; and (c) hauling garbage the 
sewage treatment works, where ground and discharged either into the 
raw sewage into the digestion tanks. The installation household grinders 
progressed slowly from its inception around 1921. Until the beginning 
World War II, only some 55,000 installations were made. Since the end 
the war, number manufacturers have offered household grinders, that 
their use may become more general. The fourth progress report presents 
the status the procedure. Eventually the propaganda may die down and 
reason and economics may prevail. the larger cities, obvious that the 
percentage habitations with grinders will always low, because difficult 
force every householder buy unit. 

recent review the Committee Sewerage and Sewage Disposal (125) 
reports that least large cities prohibit garbage grinders. least 
not approve their installation hotels, restaurants, and clubs. Municipal 
garbage grinding reported Goshen, Y., Lansing, Mich., Marion, Ind., 
and Midland, Mich. Apparently food wastes, properly ground, will flow 
well-designed sewer and not produce any problem from the standpoint 
volume (126). 

used extensively, grinders may increase (127) the load sludge handling 
facilities, amount ranging from 0.07 per capita per day 0.11 per 
per day, around 55% the total, Also, grinders may build 
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the load the oxidizing units approximately 30%. The New Jersey State 
Board Health warns against the extensive use grinders, because over- 
loaded sewage treatment plants and possible damage stream pollution con- 
trol. Seven states are apprehensive, and eleven states are not concerned, 
Complete separation garbage and rubbish necessary and hard obtain, 
Eggshells have caused trouble Houston (128). 

Indiana, cities operating sewage treatment works revenue bond 
basis are authorized issue revenue bonds finance the installation 
kitchen garbage grinders adequate sewage treatment facilities exist (129). 
least one city (Jasper, Ind.) taking steps adopt kitchen grinders 
citywide basis (1940 population, 5,041). 

Lansing has been operating its original sewage and garbage plant for more 
than years, handling all the city garbage. Additions this plant are now 
under construction, which will more than double its capacity and add about 
1,088,000 sludge digestion volume the 292,000 ft, making 
total 1,380,000 for estimated future population 125,000, 
about per capita. The sewage treatment activated sludge. 

Problem Nitrogen and Phosphorus Sewage Disposal.—The effect 
sewage effluents aquatic plants was reviewed the fourth progress report 
(35g). evident the problem sewage disposal some instances enter- 
ing new phase, which attention shifting from the B.O.D. the effluent 
and oxygen balances the usual sense the results fertilization, increased 
biological productivity receiving waters, and attendant problems. The 
problem still unsolved because there known method reducing the 
nitrogen sewage more than 50% 55%. Furthermore, phosphorus 
also element which must considered, Clair Sawyer (130) has noted 
that nuisance conditions can expected with concentration excess 0.01 
ppm. Apparently there known feasible method for removing phosphorus. 

Sewer Service Charges.—With problems financing during the 
depression, followed other difficulties the period inflation after World 
War II, sewer revenue bonds have grown favor method financing con- 
struction, and sewer rental charges have become more popular for raising funds 
cover operation and maintenance. According the Engineering News- 
Record (131), 432 cities with population more than 5,000 use sewer 
Four methods are popular, based on: (a) Metered water consumption; (b) per- 
water bills; (c) number plumbing fixtures houses; and (d) 
number sewer connections. Among the larger cities, Akron (132) has 
recently adopted sewer service charges. The Akron ordinance (January 16, 
1947) provides for quarterly billing and additional charge for industrial 
wastes, based B.O.D. and suspended solids excess the average sewage 
received the sewage treatment works and for hydrogen-ion content above 
below pH6. The charges are available pay the cost operation and 
maintenance and fixed charges. 

Charges for Handling Industrial Wastes Municipal the 
growth industry many municipalities are faced with the prospect devel- 
oping rate structure which equitable charge can made for the dis- 
posal liquid industrial wastes. Such wastes frequently are more difficult 
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treat alone than domestic sewage. Sometimes they are large volume 
such character that additional disposal plant facilities are required. 
The solution the problem may depend the statutes under which the 
municipality operates. Edmund Besselievre, ASCE (133), outlines the 
situation from general standpoint, indicating that charge should based 
the amount suspended solids, B.O.D. contributed, and the volume the 
sewage, and that the charge should include proportionate part the fixed 
charges well the operating costs. One method suggested based the 
industry paying only for the excess strength contributed. Another method 
charge for the entire amount suspended solids and B.O.D. contributed, 
making charge for each regardless the strength the city sewage. New 
Brunswick, (134), has adopted the second alternative, making charge 
$22.00 per million gal, $5.00 per ton solids, and $5.00 per 100 chlorine 
demand. Buffalo (135) has adopted the first method, basing the charge 
the excess chlorine demand and suspended solids over that normal 
sewage. The Sanitary District Chicago has proposed charge under 
special statute based exemption 10,000 gal per day and the cost 
handling the excess volume, suspended matter, and B.O.D. The rates 
suggested are $8.03 per million gal flow; $8.07 per ton solids; and $2.80 
per 1,000 B.O.D., less 10% for prompt payment. There deduction 
$0.67 for each employee per year. many instances the United States, 
direct negotiation, industry has contributed the cost construction and 
agreed pay annual charge thereafter for maintenance and operation. 


LITIGATION 


Water Pollution Versus Indiana the present time 
pollution case before the United States Supreme Court (No. 11, original), 
brought the State against the State Indiana, the City 
Hammond, the City East Chicago, the City Gary, and the City Whiting, 
restrain the state and its agencies (including industrial establishments) 
from polluting Lake Michigan, the source drinking water for Chicago and 
surrounding territory northern Indiana and Illinois. The court appointed 
Special Master, Luther Smith, Saint Louis, Mo. The case 
somewhat unique that, although testimony has been taken, much has 
been accomplished. cost the improvements required amounts 
about $15,000,000, chiefly for controlling industrial wastes. The largest 
single expenditure was the Standard Oil Company Indiana, the amount 
$6,000,000 for oil separators and for collecting the sanitary sewage its plant 
and delivering the sewers Whiting for treatment Hammond. The 
only municipal work required cost $90,000 for revising sewers Whiting. 
The program expected completed the summer 1950. 

Pollution the Androscoggin number years the Andro- 
scoggin River Maine has been seriously polluted paper mill wastes (136). 
This river drains watershed 3,470 miles, with monthly flow Rumford 
averaging from 2,212 per sec 8,552 per sec during the years 1928 
1941, inclusive, with the lower flows the period from August October, 
averaging 2,446 per sec. The natural flow regulated storages 
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225 billion gal above Runford and billion gal below. The sewered 
population totals 108,700, mostly below Rumford. 1941 the equivalent 
population the industries (97% the wastes being from pulp and paper 
mills, which 87% are sulfite wastes) totaled 2,411,500. this total, 65% 
located near Berlin, Large amounts hydrogen sulfide were 
generated the vicinity Lewiston and Auburn Maine and created 
public nuisance. With flow around 2,100 per sec, the time required 
for flow from Berlin Lewiston distance 112 miles) around 16.25 days. 
Sherman Chase, ASCE, holds that reasonable criterion for pollution 
control the maintenance D.O. the river water all times. 

The general relief measures considered were: Sewage treatment, industrial 
waste treatment, storage industrial wastes, and storage dilution water. 
Sewage treatment for the municipalities was found too costly compared the 
benefits derived. The use the soda process the Oxford Company was 
helpful, with the recovery fiber save-alls. The lagoon capacity required 
for storage industrial wastes totaled 255.5 million gal. Estimates indicated 
that storage during the period from June October, inclusive, could dis- 
charged the other months the year. During storage for several weeks the 
digester liquors lose substantial proportion their The river well 
regulated for power purposes, and the letdown for power coincides closely with 
the need for dilution. Consequently, the construction storage for diluting 
water was not advocated. 

The Attorney General Maine began legal proceedings May, 1942. 
Various remedial measures were tried, which did not afford complete relief 
low summer flow 1948. 

December, 1948, new court decree appointed Lawrence 
administrator and provided for weekly samplings and analyses from May 
October 15, each year; specified the criteria for the control the industrial 
waste letdown relation river flow; and required the use least 1,000 
tons soluble nitrate the river critical periods, when ordered Mr. 
Lawrence. The production sulfite pulp was allocated the mills 
themselves. 


MISCELLANEOUS PROCESSES 


survey the field sewage treatment discloses number processes 
which are disappearing from the practice the art: 


Landreth there still one plant 
operation Winston-Salem. This process primarily employed excess lime 
precipitation, with little electrical current. The report Dallyn, 
George Johnson, and Delaporte (137) tests Toronto, and the 
report Metealf Eddy (138) 1926 Allentown, Pa., indicated the lack 
value the procedure. 

Putnam Putnam process was installed least places, 
mostly small towns, since 1933. the largest town, Saint Charles, the 
process has been abandoned. included chemical precipitation, the resulting 
sludge being retorted and burned char for use precipitant. The 
claim that the distillates can sold insecticides unsubstantiated. 
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Laughlin Laughlin process proposed chemical precipitation 
sewage, with the addition paper pulp. The essentials were covered 
early British patent (139). far known, the first plant the United 
States was installed Dearborn, Mich., 1931-1932. The second plant was 
installed Perth Amboy, J., 1935. both places the use paper 
pulp was quickly abandoned, but chemical precipitation continued and the 
effluent passed through magnetite filter. 

Guggenheim Guggenheim process, when originally tested 
The Sanitary District Chicago pilot plant the North Side, involved 
the use ferric sulfate for chemical precipitation and the reclamation 
ammonia nitrogen filtration through zeolite. The Chicago estimates 
the cost construction and operation were higher than those for activated 
sludge. The process was then modified precipitation ferric sulfate 
connection with short-period aeration and return sludge. This process was 
installed several the smaller municipalities (New Britain, Anderson, East 
Chicago, and Essex Fells, J.), and several small industries. Anderson 
reported using sulfate alumina. East Chicago, weak sewage, 
sulfate alumina added (from 187 per million gal 965 per million 
gal). Essex Fells reported using sulfate alumina. New Britain 
reported using 160 copperas and 29.5 chlorine per million gal. 

Mallory Mallory process various patent 
claims involves the use mathematical formulas derived from operating data 
obtained from various activated sludge plants. far known, neither the 
process nor its equations are use any operating municipal plant. 

Contact aeration has intrigued various investigators 
since Waring, Jr. the United States, the Hays process attained 
prominence army camps during World War The Hays patent (United 
States No. 1,991,896) was issued February 19, 1935. The process appar- 
ently was anticipated Karl Imhoff, ASCE, Clark, and others. 
The only Kessener brush aerator the United States institutional plant 
New Jersey. Various types contactors have been proposed Dohman, 
Maltby, and others. The Imhoff contactor aerator was tried the Calu- 
met Works (Chicago) 1927, but did not prove satisfactory. All these types 
contactors have failed because the surface area activated sludge much 
greater than the area active sludge attached fixed revolving surfaces. 
Such devices frequently give rise odors and produce inferior effluent. 

Dearborn, 1939, and later were installed Denver, the 
Paul Sanitary District, Cleveland, Perth Amboy, Plainfield, and elsewhere. 
far the committee can learn, their use Denver, Paul, 
Cleveland, and Plainfield has been discontinued, owing the difficulty and 
cost operation and the failure produce improved effluents. 

Centrifugal Dewatering use centrifugal machines de- 
water sludge appears have stopped. the plant Columbus, Ohio, where 
centrifugals were installed for concentrating sludge, the equipment has been 
removed. general, the cost centrifuging sewage sludge has been such 
that the procedure proved uneconomical and the removal solids insufficient. 
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possible build machine run speed which will produce 
thickened sludge, approaching cake from vacuum filter, not economical 
because low eapacity and the solids the effluent. 


Respectfully submitted, 
SHERMAN CHASE REINKE 
WELLINGTON 


LANGDON Chairman 
Sewerage and Sewage Treatment, January 19, 1950 
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TRANSACTIONS 


Paper No. 2422 


THE SOCIETY AND THE PROFESSION 


ADDRESS THE ANNUAL CONVENTION, TORONTO, 
ONTARIO, CANADA, JULY 12, 1950 


ERNEST HOWARD,? PRESIDENT, ASCE 


the early years our Society the By-Laws contained provision that the 
Annual Convention the President should deliver address giving summary 
engineering progress during the preceding year. fortunate for the audi- 
ence—and for me—that present By-Laws require only that the President. shall 
make address. For obvious that any address which could mention— 
even briefly—every engineering project which the past year has witnessed 
important progress would occupy hours time. 

Indeed, several years before the turn the century President Benjamin 
Harrod declined the assignment, saying the task had become increasingly 
with the field engineering extended, with duties specialized and 
exacting, that completely satisfactory account could rendered any 
single participant the movement. The obvious impossibility any such 
summary today eloquent evidence the increased impact engineering 
upon our way life. Approximate census figures indicate that since 1850 our 
population has increased about seven times; the number engineers, about 
twenty-four times. These figures may not adequately reflect the great number 
engineers administrative positions industry. 

The publications our own and other engineering societies, and the volu- 
minous and excellent technical engineering addition the require- 
ments our By-Laws—make that old summary superfluous. have concluded 
therefore offer few comments special current activities our Society; 
and, from the vantage point this mid-century year, look back over the 
path our profession has traversed during the past century and possibly look 
somewhat ahead. you should say that crystal gazing not consistent for 
engineer, would remind you that are constantly the business visuali- 
zing the present things that will materialize the future. 


Engr. and Partner, Howard, Needles, Tammen Bergendoff, Kansas City, Mo. 
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ACTIVITIES 


This has been year rather exceptional activities the part members 
the Board Direction and many the Committees. Probably few 
members who have not served such capacities realize the amount time 
required for Society affairs. These services for the thanks and 
appreciation the members. 

Time does not permit review current work all committees, but some 
activities rather special character should mentioned. Appreciation 
due the Technical Divisions for the way which they have taken the 
heavy burden editing the papers for Proceedings and Transactions. These 
are casual tasks but require hours close concentration. The same may 
said for the continuing efforts the Committee Constitution and By- 
Laws. That laborious work not yet completed. 

Particularly should mentioned the work the Committee National 
Water Policy. Some seventy members the Society have been devoting 
their time and talents this work, common with limited number mem- 
bers from other societies represented Engineers Joint Council (EJC), for 
the work has been carried under EJC Water Policy Panel. The report 
this committee issued last month significant and statesmanlike document 
certain prove valuable contribution engineering science and our 
nation’s welfare. 

This year has seen the adoption the Society extensive revisions 
the Constitution. are now period some adjustment resulting from 
change fiscal year dates, etc., and the shift from one directorship from 
Zone Zone transitional period should not adversely affect Society 
operations although involves modified terms for some officers. Following 
pattern initiated California, several areas have developed regional organiza- 
tions and have regional conferences. These appear highly favored 
our members and more such regional activities, readily provided for under 
the revised Constitution, may expected. 


The Society continues grow numbers, and the abilities and qualifica- 
tions applicants appear high now number more than 
29,000. regret that cannot report that our financial 
with increased numbers. Because the low average dues received com- 
pared the amount spent per member, have the paradox our financial 
condition worsening our membership increases. 

have faced and now face the condition which President Dough- 
erty warned his annual message 1948. urged increased dues which 
would some measure offset the reduced value the dollar and warned that 
without increased dues there would further loss efficiency the function- 
ing the Society. Following the decision our membership not increase 
dues, the Board was obliged pare the minimum every activity order 
maintain balanced budget. (There are still the United States some who 
believe the soundness balanced budget—even when involves self- 
denial.) This inevitably has reduced the efficiency, and the extent, our 
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functioning. personal conviction that should early date 
provide increased funds increased dues—and would apply the increase 
principally increased publications, increased publicity for the profession, 
and support membership activities. 

The publication our Transactions, the permanent history the develop- 
ment engineering accomplishment, has measure kept pace with the 
increase numbers our members, with the volume work done, nor with 
the importance and intricacy that work—which can rightly termed the 
progress the profession. Statistics are readily available for only the past 
thirty-seven years. 1913 had 7,000 members; now have more than 
four times that number. The amount engineering construction accom- 
plished during the past year nearly four times that 1913. the complexity 
and scientific importance this engineering work the past year compared 
with that 1913, leave you did not last year publish four times 
many pages Transactions did 1913—nor three times, nor twice 
many pages. published only 60% the number pages published 1913. 

that showing cannot proud. Our vast membership certainly in- 
cludes many men who can contribute valuable additions permanent engi- 
neering literature. should publishing several times many pages 
Transactions did forty years ago; and should publish without aggravat- 
ing delays. 

Other activities and functions the Society have been limited and reduced 
because the stringent economies which must observed are live 
within are realistic group; know well the reduced 
purchasing power the dollar every field activity. hope the time may 
not far distant when our members will conclude increase dues and in- 
crease activities. One our older members recently called attention the 
fact that dues paid members all grades are greatly lower percentages 
their average incomes than the percentages earlier years. 


PROFESSIONAL VITAL 


seems well once while pause our never ending rush activities 
survey our profession, review something its problems and its accomplish- 
ments, and re-examine the relation the engineer his fellow man, his 
profession, and the world about him. While may only looking old 
scenes and repeating old convictions, may derive some new inspiration from 
the accomplishments those who went before and some new vision for the 
future. ought occasionally turn our thoughts the philosophy, the 
romance, and the poetry that give savor our work. 

There much which can and should take pride our Society and our 
profession, and many reasons for optimism the future both. This 
optimism well warranted from study the origins and developments our 
Society from its early records and publications, for these reveal continuity 
unwavering purpose develop engineering into learned profession second 
none its ideals and purposes, with confidence that this could done through 
the Society. One finds there much introspection and serious appraisal. The 
founders were soberly cognizant the problems developing the profession, 
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and our leaders through the years continued reflect upon the full meaning and 
significance the profession the social order. 

Some the conditions and problems our predecessors faced longer dis- 
turb us. Others, about which are still concerned, are much less severe. 
Problems professional recognition, standards ethics, professional 
group preponderantly employees, profession composed once employ- 
ers and employees, and many another which they recognized still command 
our attention. However, have progressed, are progressing; what has 
been done warrants high optimism for the future. 

1868 President McAlpine, who declared engineering “the 
noblest profession them said: 


the older school have fought long and severe battle bring the 
profession its present position. The rising school must continue the 
fight with the same earnestness *.” 


That challenge has been and being met, although have not yet met the 
demand another early president that the education the engineer should 
include prerequisite the full college course required other professions. 


Emerson characterized thinking man three great phases: The study 


the world about us,—the sciences; the study man’s history and thoughts,— 
the humanities; and action, the translation and application this thinking 
into usable results. This “action” the work the engineer. 

You will observe that action part thinking. Think- 
ing such hgrd work that often shrink from it; much easier consult 
our prejudices. believe was Jane Taylor who wrote: 


few think justly the thinking few, 
How many never think who think they 


You have heard the woman about anesthetized for 
operation who asked the doctor how long would after she regained consci- 
ousness before she could think clearly. The doctor hesitated moment and 
then said: “I’m afraid you’re counting too much this anesthetic.” well 
know the need for much clear thinking the our day. Engineers 
have contributed and can contribute the common good the kind thinking 
that Lucretius “de Rerum Natura” prescribes: 


“Then ours with steady mind grasp, 
The purport the skies—the law behind, 
The wandering courses the sun and 


has become almost trite refer this the engineering age. However, 
engineers should take pride their accomplishments and satisfaction that 
they have become widely recognized. release from their inhibitions 
they should occasion boast little about their contribution society. Plans 
are now progress for great exhibition held Chicago, 1952, 
commemoration the centenary our Society, illustrate and demonstrate 
the accomplishments engineering one hundred years. There much 
show, and many story tell. 
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Apvance RECOGNITION 


all know how increasingly during the past two centuries life has become 
conditioned engineering. are eonstantly surrounded the work the 
engineer. Food, shelter, transportation, and communication,—every element 
our life has been affected. the curl the hair has become permanent 
the work the engineer. suppose women would still curling their hair 
their fingers some engineer had not devised that electrical octopus under 
which they used writhe for beauty’s sake,—but understand that function 
has now been taken over the chemical engineer. can well paraphrase 
the well-known Christopher Wren epitaph and say: “If you would see the 
works the engineer, look about you.” 

need not today echo the old complaint that engineering not recognized. 
The age engineering may not yet have become the age the engineer, but the 
engineer back the engineering coming more and more understood. 
There has been notable change and improvement the last four 
beginning with World War The contributions engineering the 
prosecution both world wars were almost universally recognized. The 
operations state highway departments during these decades have done much 
familiarize the average citizen with the engineer’s work. Our profession 
should take pride the universally high accomplishment these governmental 
agencies, probably the first principally patterned and modeled along en- 
gineering concepts, and almost without exception operated accordance with 
the engineer’s high ideals unswerving integrity. 

convinced, too, that there marked improvement the recognition 
the profession—and the individual engineer. One category where much 
work remains done with our friends the legal There are 
lawyers who little understand the professional character engineering 
demand surety bonds guarantee professional services. asked one 
such would provide surety bond guarantee winning lawsuit! 
still need make the engineer and well the 
works engineering, known our fellow men. 

Recognition the public! Why the public has moved and taken our 
vocabulary. had barely inured ourselves the word engineer noun, 
adjective, verb, and adverb being applied anything and everything, when 
the language the street seized our word Nowadays everything 
has reach “blueprint” state, whether affairs state matrimonial 
venture. The pattern life and the way heaven has “blueprinted.” 
least the public realizes that have with orderly planning, 
and that they represent the work engineers. 


ENGINEERING; APPLIED FOR 


Thus have engineering—in its broad sense, the application science for 
the use mankind. The engineer finds his place organized society between 
the sciences and the humanities. With his pragmatic philosophy useful 
accomplishment does not aspire the high name the pure scientist. 
may well, for instance, mathematically interested limited number 
functions applied through narrow range variables—a very low ideal from 
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the standpoint real mathematician. Neither can join with the scientist 
who spurned the suggestion that was working for the good humanity, who 
said: merely scrofulous itch the face minor 

‘The engineer does not regard humanity “scrofulous itch” because his 
work for humanity. for people that buildings and highways and water 
supplies and bridges are built. All for the service and convenience his 
fellow man. responds the challenge the soaring chorus Handel’s 
the crooked places straight, make the rough places plain, 
make straight the desert highway *.” this work for humanity 
nothing that science can provide philosophy can offer can amiss. 

The looks the scientist just Jason, seeking harness brazen- 
hoofed wild bulls for the plowing wide furrows for sowing dragon’s teeth, had 
need the secret charms from the golden casket Medea, some for 
healing, some for slaying.” the engineer looks the scientist for the secrets 
that provide new materials, new processes, and new powers. Medea could not 
the plowing, but she could supply the secrets that Jason could it. 

Engineering not merely science applied; science applied with art. 
Because the way his work carried on, the engineer sometimes regarded 
taciturn and prosaic realist, devoid sensitive appreciations. The engi- 
neer fact creative artist, artist who drives his imagination with the 
reins mathematics. With this artistry there must combined genius for 
invention, gift for Visualization, and sound understanding the immutable 
laws that govern the actuality. the criteria the engineer’s art are not 
the canons some transient school thought, the opinions critics the day, 
but the fundamental laws nature. These are not man made nor are they 
subject speciously artful The engineer seeks know these 
laws and adjust his structures them. 

The engineer artist not limited small canvas. makes his huge 
characters the face continent. His imaginings are far- 
flung structures. not confined single medium but his visions find 
final expression earth and wood, stone and steel, and marble and bronze; 
water brought the thirsty; rest for the weary; light for darkness; 
strength for the weak; some release from fear; and the gain that inch 
time that man through the ages has sought. 

characterization the philosophy the engineer philosophy 
pragmatism should not interpreted imply any failure the engineer 
recognize the deep significance all the spiritual aspects man’s emotional 
adjustments the world which lives, the great universe that envelops 
him, the unknowable mysteries life before which the most learned must 
walk humbly. That does not mean that materialist. 


Tue CITIZEN 


late years the question has been often advanced whether engineers, 
addition all these works, and aside from their professional engagements, 
their part citizens. Young, ASCE, past-president the Engi- 
neering Institute Canada, recently more specifically asked whether engineers 
were doing their part make fast the moorings democracy.” 
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too appreciative present accomplishments and optimistic for the future. 
seems evident that engineers are not behind other professions—where 
personal gain not involved—in taking active part civic activities. 
The peripatetic character much engineering employment tends make 
difficult for the young engineer put his roots down community and 
become part it; but, with awakened interest the problems citizenship 
characteristic many our Local Sections, confident the younger 
engineers coming will become more articulate and more active than the 
older generation. 

This well, for with their objective realism, engineers are deeply con- 
cerned with the creeping paralysis which threatens sap the very foundations 
upon which this country has been able achieve the highest standards living 
for the most people that the world has ever known. This was not the achieve- 
ment self-appointed economic planners from above, but came multi- 
tudes ambitious, independent, and self-reliant men from below. Those 
forefathers who laid the foundations for our greatness did not look for the ease 
guaranteed security, but for the rugged opportunity meet the experiences 
life and derive honor from them. They founded this country search for 
liberty—liberty from government. That liberty, that freedom, was bought 
too great price frittered away indifference lost greed. 

There can question that the engineer can, and should, contribute 
the solution some these political and social problems which, some extent, 
are the by-products his engineering accomplishments. 


summary all, the task the engineer conquer, subdue, and 
control nature for the benefit, comfort, and convenience his fellow man. 
Nature loving mother but cold, ruthless, impersonal tyrant ever ready 
destroy man. survive, man must protect himself from storm, from heat, 
and from cold; must make the earth produce corn instead thorns 
and thistles; must develop improved conditions and materials better for his use 
than nature can offer. 

Many years past condensed into single paragraph epigraphic form, 
placed inscription bridge, thoughts gleaned from chapter Buckle’s 
History Civilization. These lines venture here quote again, for they seem 
both challenge and declaration faith, creed, for the engineer: 


“Formerly the richest countries were those which nature was most 
bountiful: now the richest countries are those which man most active. 
For our age the world nature know how com- 
pensate for her deficiencies—our engineers can correct the error and remedy 
the evil. For the powers nature, notwithstanding their apparent mag- 
nitude, are limited and stationary;—but the powers man, far experi- 
ence and analogy can guide us, are unlimited.” 


The powers man are unlimited! You will recall that poet the desert, 
contemplating the star-strewn skies, pondering man’s relation the universe, 
concluded with like noble conception the powers man: 
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consider the heavens, the work Thy fingers, the moon and 
the stars which Thou hast ordained, what man that Thou art mindful 
him the son man that Thou visiteth him. Thou hast made him littie 
lower than the angels, Thou hast crowned him with glory and honor, Thou 
madest him have dominion over the work Thy hands; Thou hast put 
all things under his feet.” 


The glory and honor man that can have dominion over the world; 
and the engineer, that can make that dominion effective for the com- 
fort and convenience his fellows. The powers nature are limited. The 
stars their courses fought neither for nor against Sisera; nor have their 
courses changed since Deborah sang. Carlyle speaks with his celes- 
tial hounds their leash sidereal fire, forever and forever coursing the 
and forever keeping the same path. The whirling planets 
the illimitable universe plunging through space must forever follow their 
same orbits. However, man can choose his own orbit; the powers man are 
unlimited! 

Here then both the challenge and the assurance the future our 
profession. Should fail achieve our possibilities must say with 
Cassius fault, dear Brutus, not our stars but ourselves *.” 
that challenge may well reply words Ulysses: 


“Soffie work noble note may yet done, 
Not unbecoming men that strove with Gods. 

not too late make better world. 
Push off, and sitting well order smite 

The sounding furrows: for purpose holds 
sail beyond the sunset 

That which are, are 

One equal temper heroic hearts 

Made weak time and fate, but strong will 
strive, seek, find, and not yield.” 
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SUBJECT INDEX 


ACCIDENTS 
See STREETS—Safety 
ADDRESSES 
See AMERICAN SOCIETY CIVIL ENGINEERS—Addresses 
AERATION 
See also HYDRAULIC JUMP 
“Advances Sewage Treatment the Decade 1949”: 
Report the Committee the Sanitary Engineering Division Sewerage 
and Sewage Treatment, Sherman Chase, Wellington Donaldson, Linn 
Veatch, Langdon Pearse, Chairman, 1261. 
AERIAL PHOTOGRAPHY 
See SURVEYS AND SURVEYING, AERIAL 
AERODYNAMICS 
“Aerodynamic Theory Bridge Oscillations,” Steinman (with discussion), 
1180. 
AGGREGATES 
“Light-Weight Pumice Concrete,” Niederhoff (with discussion), 590. 
Location United States structures that have been affected alkali-aggregate 
reaction, 417. 
“Modern Concepts Applied Concrete Aggregate,” Blanks (with 
sion), 403. 
“The Municipal Asphalt Plant, Borough Csanyi (with discus- 
sion), 
Bibliography 
Concrete aggregates, 428. 
AIR ENTRAINMENT 
See WATER, FLOW 


AIRFIELDS 
See AIRPORTS 

AIR FLOW 
Flow air through inlet valves, 441. 

AIRPLANES 


Column strength analysis its relation aircraft stress problems requiring design 
for minimum structural weight, 698, 723, 731. 


Critical values for airplane trusses, designed ultimate load formulas, 1159. 
Frequency analysis beam and girder floors applies airplanes, 1023. 


Steinman theory bridge oscillations consistent with conventional theory air- 
plane flutter, 1248. 
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AIRPORTS 
CBR Pavement Design Method for Airfields”: Sym- 
posium, Gayle McFadden and Thomas Pringle, Porter, Middle- 
brooks and Bertram, William Jervis and Joseph Eustis, 
Boyd and Foster, and Turnbull (with discussion), 453. 
AIR SANITATION 
See DUST CONTROL 


AMERICAN SOCIETY CIVIL ENGINEERS 
Addresses 


1950—Presidential Address the Annual Convention, Toronto, Ontario, Can- 
ada, July 12, 1950, Ernest Howard, 1304. 


Committee Reports—Sewage Disposal 
“Advances Sewage Treatment the Decade Ending with the Year 1949”: 
Report the Committee the Sanitary Engineering Division Sewerage 
and Sewage Treatment, Sherman Chase, Wellington Donaldson, Linn 
Veatch, Langdon Pearse, Chairman, 1261. 
ANALYSIS, DESIGN 
See under relative subject, for example, CONCRETE—Design 
ANALYSIS DATA 
See EQUATIONS; GRAPHICAL CHARTS; PROBABILITY, THEORY 
OF; STRUCTURES, THEORY also under relative subject 
APPARATUS 
See under relative subject 
ARCHES 
See STRESS AND STRAIN—Arches; STRUCTURES, THEORY 
Arches 
ASPHALT 
“The Municipal Asphalt Plant, Borough Manhattan,” Csanyi (with discus- 
sion), 
ASPHALT PLANTS 


“The Municipal Asphalt Plant, Manhattan,” Csanyi, Discussion: 
Clarkson Oglesby, Clark Henderson, and Oscar Holmes, Jr.; 
Creed; and Csanyi, 26. 


ATMOSPHERIC PRESSURE 

“Air-Inlet Valves for Steel Pipe Lines,” John Parmakian (with discussion), 438. 
AUTOMOBILE ACCIDENTS 

See STREETS—Safety 
BACKWATER 


“Integrating the Equation Nonuniform Von Seggern (with dis- 
71. 
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BEAMS (General) 


“Deflection Plywood Beams Due Moisture Content Change,” Wilson 
and Laurence Olson, 959. Discussion: Jackson, and Wilson 
and Laurence Olson, 970. 


Plywood beam testing apparatus, 967. 
BEAMS, 
See also STRESS AND STRAIN—Beams, Continuous; STRUCTURES, THE- 


ORY OF—Beams, Continuous; STRUCTURES, THEORY OF—Frames, 
Continuous; WHEEL LOADS 


“Frequency Analysis Girder Floors,” Hans Bleich (with discus- 


sion), 1023. 
BEARING CAPACITY (foundations, rocks, soils) 
For more general interpretation see cross references under LOAD 
“Analysis Pile Foundations with Batter Piles,” Hrennikoff (with 
351. 


“Development CBR Flexible Pavement Design Method for Sym- 
posium, Gayle McFadden and Thomas Pringle, Porter, Middle- 
brooks and Bertram, William Jervis and Joseph 
Porter, Ralph Hansen; John Griffith, Redus, Jr., Foster, 
Boyd and Foster, and Turnbull (with discussion), 453. 


“Effect Driving Piles into Soft Clay,” Cummings, Kerkhoff, and 
Peck (with discussion), 275. 


Modified dynamic compaction test method developed the Association 
State Highway Officials, 473, 568. 


Soil compaction requirements prevent excessive consolidation, 503. 
BENDING 

See STRESS AND STRAIN 

See STRUCTURES, THEORY OF—Frames, Continuous 
BIBLIOGRAPHY 


See subheading Bibliography under relative subject. (Comprehensive bibliographi- 
cal footnotes existing individual papers which books and other material 
are 


BITUMEN 

See ASPHALT; PAVEMENT AND PAVING, BITUMINOUS 
BOILERHOUSES 

See POWER PLANTS 
BORINGS 


Driving Piles into Soft Clay,” Cummings, Kerkhoff, and 
Peck (with discussion), 275. 


BOUNDARIES (land ownership) 
See SURVEYS AND SURVEYING 
BRIDGES 


See also COLUMNS; FAILURES, BRIDGE; PILES AND PILE DRIVING; 
TRUSSES; VIBRATION; WHEEL LOADS; WIND 
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BRIDGES, MOVABLE (LIFT) 
Construction, capacity and power sources vertical lift bridge over Duluth Ship 
Canal, 149. 
BRIDGES, SUSPENSION 
“Aerodynamic Theory Bridge Steinman, 1180. Discussion: 
David Peery, Alexander Klemin, Abraham Slavin, Charles Dohn, Boris 
Bakhmeteff, Maher and Eades, Edmund Pinney, Harold 
Thomas, Elmo Peterson, William Allan, Paul Lieber, Ghaswala, Peter 
Tea, Edward Richardson, Hans Bleich, Farquharson, George 
Vincent, and Steinman, 1218. 
BUCKLING 
“Applied Column Theory,” Shanley (with discussion), 698. 
“End Restraints Truss Members,” Harold Wessman and Thomas. 
Kavanagh (with discussion), 1135. 
BUILDING MATERIALS 
See MATERIALS CONSTRUCTION (cross references thereunder) 


CAMPS AND CANTONMENTS, MILITARY 
“Roads and Pavements, Sampson Naval Training Station,” Jacob Feld (with dis- 
cussion), 1065. 
CANALS (General) 
See also WATER, FLOW OF, OPEN CHANNELS 
CANALS (Geographical) 
Duluth Ship Canal 
History, capacity and structural details Duluth Ship Canal, 149. 
CEMENT 
See also AGGREGATES; CLAY; MORTAR 
“The Municipal Asphalt Plant, Borough Manhattan,” Csanyi (with discus- 
sion), 
Tenacity the bond between aggregate and cement paste and its importance 
relation quality concrete, 406. 
CHANNELS (waterways) 
See HYDRAULIC JUMP; RIVERS; SILLS; SLUICES; WATER, FLOW 
OF, OPEN CHANNELS 
CHARTS 
See GRAPHICAL CHARTS; see also MAPS AND MAP- 
PING;; also under relative subject 
CHLORINATION 
“Some Effects Anaerobic Digestion Sewage Sludge,” Rawn and 
Candell (with discussion), 181. 
CITIES 
See also STREET SUBWAYS; TRAFFIC, STREET; WATER SUP- 


PLY; also subheadings under relative subject, for example, 
Minn. 


Decentralization problems and expressways means reducing the tendency 
decentralization, 155. 
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CITY PLANNING 
See COSTS, CITY PLANNING 
CLAY 


Driving Piles Into Clay,”. Cummings, Kerkhoff, and 
Peck (with discussion), 275. 


“Roads and Pavements, Sampson Naval Training Station,” Jacob Feld (with dis- 
cussion), 1065. 


COLUMNS 


See also FAILURES, COLUMN; 
STRUCTURES, THEORY OF—Columns 

Comparison column formulas nondimensional form, 712. 

“End Restraints Truss Members,” Harold Wessman and Thomas 
Kavanagh (with discussion), 1135. 


Test results relating strength long slender spiral reinforced concrete columns, 
736. 


COMMERCE 
See AIRPORTS; CITIES; DOCKS AND WHARVES; FREIGHT; HAR- 
BORS; LAKES; other relative subject 
headings 
COMMITTEE REPORTS 
See AMERICAN SOCIETY CIVIL 
see also under subject report 
COMPRESSED AIR 
“Air-Inlet Valves for Steel Pipe Lines,” John Parmakian (with discussion), 438. 
COMPRESSION MEMBERS 
See 
CONCRETE (General) 
See also COSTS, CONCRETE; STRESS AND also under 
special structure structural part, for example, COLUMNS 
“Light-Weight Pumice Concrete,” Niederhoff; Discussion: Milton 
Karp, Drummond, Hawke, and Niederhoff, 604. 
Reinforced concrete cross sections subjected direct thrust, 121. 
Bibliography 
Concrete aggregates, 428. 
Freezing and thawing durability and frost action concrete, 428. 
Alkalies’ 
“Modern Concepts Applied Concrete Aggregate,” Blanks (with dis- 
cussion), 
Design 
“Nomographic Analysis Rectangular Sections Reinforced Concrete,” 
Linton (with discussion), 107. 
Effect Processes 


Instrument devised determine freezing and thawing durability rock, con- 
crete and mortar, 422. 
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Mixing 
Typical mixes pumice concrete for characteristic strengths, 592, 605. 
Tests and Testing 
Commercial laboratory tests pumice concrete with and without admixtures, 
593, 599, 608. 
“Modern Concepts Applied Concrete Aggregate,” Blanks, 403. Discus- 
sion: Herbert Cook, Thomas Kennedy, and Bryant Mather; and 
Blanks, 432. 
CONNECTORS AND CONNECTIONS 
“Wind Stresses Semi-Rigid Connections Steel Framework,” Basil Sourochni- 
koff (with discussion), 382. 
CONSTRUCTION MATERIALS 
See cross references under MATERIALS CONSTRUCTION 
CONVENTIONS (ASCE) 
See AMERICAN SOCIETY CIVIL ENGINEERS—Addresses 
COSTS, ASPHALTIC PLANT 
“The Municipal Asphalt Plant, Borough Manhattan,” Csanyi (with discus- 
sion), 
COSTS, CITY PLANNING 
Costs contour maps photogrammetry, 450. 


COSTS, CONCRETE 


Light-weight concrete costs relation pumice deposit locality, compared with 
hard rock concrete, 590, 595. 


COSTS, DAM 


Allocation costs for Altus Project southwestern Oklahoma the North Fork 
the Red River, 838. 


Estimated costs United States multiple-purpose dams, involving electric power 
and financed federal funds, 845. 
COSTS, FREIGHT SERVICE 
“The Logical System Freight Rates,” Charles Hall (with discussion), 33. 
COSTS, HIGHWAY AND ROAD 
Costs contour maps photogrammetry, 450. 
Sampson Naval Training Station, Sampson, Y., roadway construction costs, 1072. 
COSTS, MAP AND MAPPING 
Cost contour maps photogrammetry, 1947 prices, 450. 
Photogrammetric method determining costs for topographic maps, 450. 
COSTS, PAVING MATERIAL 
“The Municipal Asphalt Plant, Borough Manhattan,” Csanyi (with discus- 
sion), 
COSTS, RESERVOIR (MULTI-PURPOSE RESERVOIRS) 


Allocation costs for Altus Project southwestern Oklahoma the North Fork 
the Red River, 838. 


| 
4 
4 
q 
I 
7 
q 


SUBJECT INDEX 


Boulder Canyon Project Adjustment Act revision repayment plan relation 
Lake Mead and related projects, 840. 


Economic factors and determining benefits multi-purpose reservoirs relation 
costs, 890, 898, 901. 


Unit mapping cost reservoirs varied contours and scales, 450. 
COSTS, RIVER BASIN DEVELOPMENT AND IMPROVEMENT 
Columbia Basin Project, Washington state, costs tabulation, 841. 
COSTS, SEWAGE DISPOSAL 
“Advances Sewage Treatment the Decade Ending with the 
Report the Committee the Sanitary Engineering Division Sewerage 
and Sewage Treatment, Sherman Chase, Wellington Donaldson, Linn 
Veatch, Langdon Pearse, Chairman, 1261. 
COSTS, SEWAGE SLUDGE 
Prices heat-dried activated sludge during World War (1941-1945), 1291. 
COSTS, SURVEY AND SURVEYING (AERIAL SURVEYING) 
Problem estimating and factors affecting aerial survey costs, 449. 
COSTS, SURVEY AND SURVEYING (PLANE SURVEYING) 
Public land survey cost range per acre linear mile, 59. 
COSTS, SURVEY AND SURVEYING (TOPOGRAPHIC SURVEYING) 
Cost contour maps photogrammetry for subdivision land, 450. 
COSTS, TRANSPORTATION 
“The Logical System Freight Rates,” Charles Hall (with 33. 
COSTS, WATER STORAGE 


Storage allocations acre-feet, with cost distribution, for Rio Grande Project 
New Mexico and Texas, 835. 


CURVES (backwater) 
See BACKWATER 
CURVES (design) 
See relative subject design, for example, WHEEL LOADS 
CURVES (elastic curves) 
See STRUCTURES, THEORY 
CURVES, FREQUENCY 
See PROBABILITY, THEORY also under topic 
DAMS (General) 
See also COSTS, DAM; WATER, FLOW OF, OVER DAMS AND WEIRS 
Extent, character and costs multiple-purpose dams the United States with 
problems and indicated, including those for 844, 854. 
DEFINITIONS 
See TERMINOLOGY 
DEFLECTIONS 


See under relative structure structural part, for example, PAVEMENT AND 
PAVING; see also DEFORMATION (cross references thereunder) 
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DEFORMATION 
See FAILURES; STRUCTURES, THEORY 
DESIGN 


See STRUCTURES, THEORY OF; also under relative subject, for example, 


HIGHWAYS AND and PAVEMENT AND 
PAVING 


DOCKS AND WHARVES 

See also HARBORS 

“Cities Cannot Live Without Trucks,” Hoy Stevens (with discussion), 131. 
DRAINAGE 


Comparison variability indexes forested and nonforested drainages, for Iowa 
and Wisconsin, 1116. 


“Stream Flow Lane and Kai Lei (with discussion), 1084. 
DROP-DOWN 


“Integrating the Equation Nonuniform Flow,” Von Seggern (with dis- 
cussion), 71. 


DURATION CURVES 
“Stream Flow Variability,” Lane and Kai Lei (with discussion), 1084. 
DUST CONTROL 
Asphalt plant two-stage type system used municipal plant New York, Y., 18. 
DYNAMICS FLUIDS 
See HYDRODYNAMICS 
DYNAMICS GASES 
See AERODYNAMICS 
EARTH PRESSURE 
“Development CBR Flexible Pavement Design Method for Airfields”: 
posium, Gayle McFadden and Thomas Pringle, Porter, Middle- 
brooks and Bertram, William Jervis and Joseph Eustis, 


Porter, Ralph Hansen, John Griffith, Redus, Jr., Foster, 
Boyd and Foster, and Turnbull (with discussion), 453. 


EARTHQUAKES 
See also VIBRATION 
Usage pumice concrete earthquake-proof structures, 603. 
EARTH SUBSIDENCE 
See LAND SUBSIDENCE 
ECONOMICS 
“Advances Sewage Treatment the Decade Ending with the Year 1949”: Re- 
port the Committee the Sanitary Engineering Division Sewerage and 
Sewage Treatment, Sherman Chase, Wellington Donaldson, Linn 


Veatch, Langdon Pearse, Chairman, 1261. 


Economic factors the designing multi-purpose reservoirs, 880, 890, 901. 
“The Logical System Freight Rates,” Charles Hall (with 33. 
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ELASTICITY 
“Applied Column Theory,” Shanley (with discussion), 698. 
Extrapolation highway pavement thicknesses the elastic theory, 469, 564. 
ELECTRIC POWER 

“Multiple-Purpose Reservoirs”: Symposium, Malcolm Elliott, 
Nicholls Bowden, Albert Cochran, Robert Pafford, Jr., Wesley 
Nelson, Thomas, Robert Luccia, Rudolph Dieffenbach, Conrad 
Wirth, Merrill Bernard, Don McBride, and Raymond Hill discussion), 

ELECTRIC POWER PLANTS 

See POWER PLANTS 

ELEVATED RAILROADS 
See RAILROADS, ELEVATED 
ENERGY 
See AERODYNAMICS; ELECTRIC POWER; HYDRODYNAMICS; WA- 
TER POWER 

ENERGY, LOSS 

See FRICTION ... HYDRAULIC JUMP; WATER, FLOW 
ENGINEERING BIBLIOGRAPHY 

See BIBLIOGRAPHY (cross references thereunder 
ENGINEERING GLOSSARIES 

See TERMINOLOGY 
ENGINEERING HISTORY 

See under relative subject, for example, HARBORS 
ENGINEERING SOCIETIES 

See AMERICAN SOCIETY CIVIL ENGINEERS 
ENGINEERS AND ENGINEERING (General) 

See also AMERICAN SOCIETY CIVIL ENGINEERS; TERMINOLOGY 


“The Society and the Profession”: Address the Annual Convention, Toronto, 
Ontario, Canada, July 12, 1950, Ernest Howard, 1304. 


Government Relationships 
The hydraulic engineer and the part plays relation the Fish and Wild- 
life Service interests river basin developments, 869, 
Professional Relationships 
Place the engineer organized society and his role individual citizen, 
1307, 1309. 
ENTRAINMENT 
See WATER, FLOW 
EQUATIONS 
“Integrating the Equation Nonuniform Flow,” Von Seggern (with dis- 
cussion), 71. 
EROSION, TAIL WATER 


“Control the Hydraulic Jump Sills,” John and Raymond 
Skrinde (with 973. 
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EXCAVATION 


See also EARTH PRESSURE; under. specific 
substructure 


Surface disturbance comparison tests pile driving and excavation 310, 
EXPLORATION 
See BORINGS; EXCAVATION; PILES AND PILE 
DRIVING 
EXPRESSWAYS 
See TRAFFIC, STREET 
FABRICATION 
See under relative subject, for example, HOUSES 
FACTOR SAFETY 
See relative subject 
FAILURES (General) 
See also BEARING CAPACITY; STRENGTH MATERIALS; STRESS 
AND under relative subject 
FAILURES, BRIDGE 
Oscillating tests Tacoma Narrows Bridge section model, 1200, 1233, 1238, 
1257. 
FAILURES, COLUMN 
“Applied Column Theory,” Shanley (with discussion), 698. 
FAILURES, PAVEMENT AND PAVING 


Complete failure and traffic tests conducted 1942 Stockton 
Field, California, 493, 577. 


Shear deformation occurring subgrades lower base courses overlain high 
quality bases which shear deformation occurs, 526. 


Three types failures determined statewide investigations California Divi- 
sion Highways, 461, 561. 
FIREPROOFING 
“Light-Weight Pumice Concrete,” Niederhoff (with discussion), 590. 
FLOODS (General) 


See also DRAINAGE; RAINFALL; RESERVOIRS, FLOOD CONTROL; 
RUNOFF 


Three general classes floods considered determining required, 
821. 
FLOODS (Geographical) 
American River, Calif. 
Flood control operation diagram for Folsom Reservoir, 821. 


Regulation flood crests Cairo TVA reservoir system, 
Kentucky 


Regulation flood crests Paducah TVA reservoir system, 
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Tennessee River 


“Multiple-Purpose Symposium, Malcolm Elliott, Debler, 
Nicholls Bowden, Albert Cochran, Robert Pafford, Jr., Wesley 
Nelson, Thomas, Robert Luccia, Rudolph Dieffenbach, Conrad 
Wirth, Merrill Bernard, Don McBride, and Raymond Hill (with dis- 
cussion), 


United States 
“Stream Flow Variability,” Lane and Kai Lei (with discussion), 1084. 


FLOORS AND FLOORING 
See also FIREPROOFING 
“Frequency Analysis Beam and Girder Hans Bleich (with discus- 
sion), 1023. 
FLOW 
See AIR FLOW; FLOODS; RUNOFF; TURBULENCE; 
VALVES; WATER, FLOW 
FLUIDS, DYNAMICS 
See HYDRODYNAMICS 


FLUMES 

Contour lines showing distribution velocity components and velocity vectors and 
related graphical data, 760, 763, 765, 767, 773. 

“Flow Around Bends Open Flume,” Ahmed Shukry, 751. Discussion: Gilbert 
Outland, Edward Silberman and Alvin Anderson, Croes, and 
Ahmed Shukry, 780. 

FLUTTER, THEORY 
See BRIDGES, SUSPENSION 
FOUNDATIONS (General) 

See also BEARING CAPACITY; BORINGS; DRAINAGE; EARTH 
SURE; EXCAVATION; FREEZING (cross reference thereunder) PILES 
AND PILE SOILS 

FOUNDATIONS, AIRPORT 

“Development CBR Flexible Pavement Design Method for Airfields”: Sym- 
posium, Gayle McFadden and Thomas Pringle, Porter, T..A. Middle- 
brooks and Bertram, William Jervis and Joseph Eustis, 

Boyd and Foster, and Turnbull (with 453. 


FRAMES 


See STRUCTURES, THEORY OF—Frames; see also BEAMS; COLUMNS; 
STRESS AND STRAIN—Frames 


FREEZING 
See CONCRETE—Effect Natural Processes 
FREIGHT 


“The Logical System Freight Rates,” Charles Hall, 33. Discussion: Raphael 
Courland, Otto Meyer, Alexander Markowitz, Faison, Malcolm 
Elliott, and Charles Hall, 39. 
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FREQUENCY CURVES 
See PROBABILITY, THEORY also under tepic 
FRICTION COEFFICIENTS 


“An Engineering Concept Flow Pipes,” Charles Harris (with discussion), 
909. 


Manning coefficient roughness, citing Manning formula, 79. 
GIRDERS 
See BEAMS; STRUCTURES, THEORY OF—Beams and Girders 


“Frequency Analysis Beam and Girder Floors,” Hans Bleich (with discus- 
sion), 1023. 


GOVERNMENT 
See also ENGINEERS AND ENGINEERING—Government 


PUBLIC ... also LAW subject heading under related topic, for example, 
WATER POWER LAW 


Nicholls Bowden, Albert Cochran, Robert Pafford, Jr., Wesley 
Nelson, Thomas, Robert Luccia, Rudolph Dieffenbach, Conrad 
Wirth, Merrill Bernard, Don McBride, and Raymond Hill (with discus- 
sion), 789. 

GRAPHICAL CHARTS 

See also NOMOGRAPHS; also under relative subject 

“Applied Column Theory,” Shanley (with discussion), 698. 
GRAVEL 

See also SOILS 


“Modern Concepts Applied Concrete Aggregate,” Blanks (with discus- 
sion), 403. 


HARBORS (General) 
See DOCKS AND WHARVES 


History development Duluth, Minn., and Superior, Wis., harbor into most 
important bulk traffic port world, 145. 


HARBORS (Geographical) 
Duluth, Minn. 


“Duluth-Superior Harbor,” Heston Cole, 145. Discussion: Harland 
Woods, 153. 


Great Lakes, 
“Duluth-Superior Harbor,” Heston Cole (with discussion), 145. 


Superior, Wis. 
“Duluth-Superior Harbor,” Heston Cole, 145. Discussion: Harland 
Woods, 153. 
United States 


Tonnage five leading United States ports, 1945 calendaf year, and 1925 and 
1946 comparative statistics for other United States ports and coasts, 151, 153. 
HEAD, LOSS 


See AERATION; WATER, FLOW 


SUBJECT INDEX 


HIGHWAYS AND ROADS (General) 
Construction 
“Development CBR Flexible Pavement Design Method for 
Symposium, Gayle McFadden and Thomas Pringle, Porter, 
Middlebrooks Bertram, William Jervis and Joseph Eustis, 
Boyd and Foster, and (with discussion), 453. 
“Roads and Pavements, Sampson Naval Training Station,” Jacob Feld, 1065. 
Discussion: Phelan, and Jacob Feld, 1079. 
Planning and Design 
“Development CBR Pavement Design Method for Airfields”: 
Symposium, Gayle McFadden and Thomas Pringle, Porter, 
Middlebrooks and Bertram, William Jervis and Joseph Eustis, 
Porter, Ralph Hansen, John Griffith, Redus, Jr., Foster, 
Boyd and Foster, and Turnbull (with discussion), 453. 


“Roads and Pavements, Sampson Naval Training Feld: (with 
discussion), 1065. 


HOUSES (places abode) 

Effect moisture content plywood box houses, 960. 
HURRICANES 

See WIND PRESSURE 
HYDRAULIC JUMP 


See also WATER, FLOW 


“Control the Hydraulic Jump Sills,” John Forster and Raymond 
Skrinde, 973. Discussion: En-Yun Hsu, Steponas Kolupaila, Charles Jaeger, 
Louis Laushey, Michele Viparelli, Ralph Weaver, Sherman Wood- 
ward and Floyce Yates, and John Forster and Raymond Skrinde, 988. 


“Diffusion Submerged Jets,” Albertson, Dai, Jensen, and 
Hunter Rouse (with discussion), 639. 


“Integrating the Equation Nonuniform Flow,” Von Seggern (with dis- 
cussion), 71, 


HYDRAULICS 


See also AERATION; CANALS; CHANNELS (cross references thereunder) 
COSTS ...; DAMS; DOCKS AND WHARVES; DRAINAGE; DROP- 
DOWN ENGINEERS AND ENGINEERING; EROSION ... FLOOD 
FLOW (cross references thereunder); FLUMES; FRICTION 
HARBORS; HYDRAULIC... IRRIGATION; LAKES; 
LAND RECLAMATION; METERS AND METERING; PILES AND 
PILE DRIVING; POWER PLANTS; PROBABILITY, 
THEORY OF; RAINFALL; RESERVOIRS; RIVER... RUNOFF; 
SEDIMENT AND SEDIMENTATION; SILLS; SILT 
AND SLUICES; STILLING BASINS (cross refer- 
ence thereunder) STRESS AND STRAIN; STRUCTURES, THEORY OF; 
TANKS... TURBULENCE; VALLEYS; VALVES; 
VISCOSITY; 
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Charts and computation procedure for determining yalues exponents 
and 77, 78, 89. 


“Control the Hydraulic Jump John Forster and Raymond 
Skrinde (with discussion), 973. 
“Diffusion Submerged Albertson, Y..B. Dai, Jensen, and 
Hunter Rouse (with discussion), 639. 
“An Engineering Concept Flow Pipes,” Charles Harris (with discussion), 
909. 
“Integrating the Equation Nonuniform Flow,’ Von Seggern (with dis- 
cussion), 71. 
Stream variability index usage developing synthetic duration curves for the 
analysis hydraulic engineering problems, 1095, 1119. 
HYDRODYNAMICS 
“Diffusion Submerged Jets,” Albertson, Dai, Jensen, and 
Hunter Rouse (with discussion), 639. 
HYDROLOGY 
See DRAINAGE; FLOODS; LAKES; RAINFALL; RIVERS; RUN- 
OFF; 
“Stream Flow Variability,” Lane and Kai Lei (with discussion), 1084. 
HYDROSTATIC UPLIFT 
See WATER PRESSURE 
INDUSTRIAL PLANTS 
See under specific type plant, for example, ASPHALT PLANTS; also under 
general types plants, for example, MILLS 
INDUSTRIAL WASTE 
See also SEWAGE 
“Advances Sewage Treatment the Decade Ending with the Year 1949”: Re- 
port the Committee the Sanitary Engineering Division Sewerage and 
Sewage Treatment, Sherman Chase, Wellington Donaldson, Linn 


Veatch, Langdon Pearse, 1261. 


Bibliography 
Treatment and disposal industrial waste during the decade ending with the 
year 1949, 1296. 
INDUSTRY 


See under relative technical classification, for LAND 
also under type industry, industrial plant, for example, POWER PLANTS 
INSULATORS AND INSULATION 


Pumice usage aggregate concrete give thermal value, 590, 
597, 601. 


IRRIGATION 
See also RESERVOIRS WATER SUPPLY 
“Multiple-Purpose Symposium, Malcolm Elliott, Debler, 
Nicholls Bowden, Albert Cochran, Robert Pafford, Jr., Wesley 
Nelson, Thomas, Robert Luccia, Rudolph Dieffenbach, Conrad 


Wirth, Merrill Bernard, Don McBride, and Raymond Hill (with discus- 
sion), 789. 
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JETS 
See WATER, FLOW OF, THROUGH ORIFICES 


LAKES (General) 
See also SILT AND SILTING, RESERVOIR; TRAFFIC, LAKE; WATER 


LAKES 
Lake Mead 
Purposes for which Lake Mead was built enumerated, 839. 
LAND RECLAMATION 
See also DRAINAGE; IRRIGATION 
“Multiple-Purpose Reservoirs”: Symposium, Malcolm: Elliott, Debler, 
Nicholls Bowden, Albert Cochran, Robert Jr., Wesley 
Nelson, Thomas, Robert Luccia, Rudolph Dieffenbach, Conrad 
Wirth, Merrill Bernard, Don McBride, and Raymond Hill, 789. Discussion: 
Herman Hilton, Wesley Gilbertson, Roger Amidon; Bishop, 
Davison, John Cotton, Abraham Streiff, Dana Wood, Clarence 
Jarvis, 893. 
LAND SETTLEMENT LAW 
“Mineral Land Surveys,” Arthur McNair (with discussion), 200. 
LAND SUBSIDENCE 
Movement monuments due especially mountain sides, 221. 
LAND SURVEYS 
See SURVEYS AND SURVEYING, PLANE 
LAND TITLES 
See SURVEYS AND SURVEYING 
LAW 
See LAW subject heading under related topic, for example, PUBLIC LAND LAW 


LEGISLATION 


See under relative subject (under the subject law heading, for example, SEWAGE 
DISPOSAL LAW) 


LIMESTONE 
“Modern Concepts Applied Concrete Aggregate,” Blanks (with discus- 
sion), 403. 


LIQUIDS, FLOW 
See VALVES; VISCOSITY; WATER, FLOW 


LITIGATION 


See under relative subject (under the subject law heading, for example, SEWAGE 
DISPOSAL LAW) 


LOAD 


See BEARING CAPACITY; FAILURES; STRESS AND STRAIN; VI- 
BRATION; WHEEL LOADS; WIND PRESSURE;; also under structure, 
structural member part, for example, PILES AND PILE DRIVING 
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LOSS ENERGY 
See FRICTION ... HYDRAULIC JUMP; WATER, FLOW 
MAPS AND MAPPING, AERIAL 


United States Army method making aeronautical charts during World War II, 


MATERIALS CONSTRUCTION 


See ASPHALT; CEMENT; CLAY; CONCRETE; FIREPROOFING; 
GRAVEL; LIMESTONE; METALS (cross references thereunder) MOR- 
TAR; PERMEABILITY MATERIALS (cross 
PLYWOOD; SAND; SOILS; STONE; STRENGTH MATERIALS; 
STRESS AND STRAIN 


MATHEMATICS 


See EQUATIONS; GRAPHICAL CHARTS; PROBABILITY, THEORY 
OF; also under relative subject 


MEMBERS, COMPRESSION 

See COLUMNS 
METALS 

See STRESS AND 
METEOROLOGY 

See also RAINFALL 


Hydrometeorological services the United States, including weather forecasting 
procedure, 877, 907. 


METERS AND METERING, CURRENT 


The pitot sphere, showing front elevation, force diagram and two sections, and 
usage procedure, 753. 


METRIC SYSTEM 
Nomograms which may used the metric system, 121. 
MILITARY ENGINEERS AND ENGINEERING 


See under relative technical subject, for AIRPORTS; CAMPS AND 
CANTONMENTS, MILITARY; SURVEYS AND SURVEYING, AERIAL 


MILLS 

Location surveys for mill sites, 212, 224. 
MINE AND MINING LAW 

“Mineral Land Surveys,” Arthur McNair (with discussion), 200. 
MODELS, STRUCTURAL 


“Aerodynamic Theory Bridge Oscillations,” Steinman (with discussion), 
1180. 


MOISTURE 
See PAVEMENT AND PAVING 
MOMENTS 
See also STRESS AND STRAIN; STRUCTURES, THEORY 


“Analysis Pile Foundations with Batter Piles,” Hrennikoff (with discus- 
sion), 


SUBJECT INDEX 


“End Restraints on. Members,” Wessman and Thomas 
Kavanagh (with discussion), 1135. 
MORTAR 
See also SAND 
Instrument devised determine freezing and thawing durability rock, concrete 
and mortar, 422. 
MOTOR TRUCKS 
See also TRAFFIC, STREET 
“Cities Cannot Live Without Hoy. Stevens (with discussion), 131. 
MUNICIPAL ENGINEERS AND ENGINEERING 


See BRIDGES; CITIES; COSTS; DRAINAGE; ELECTRIC POWER; 
HARBORS; PAVEMENT AND PAVING; POWER... PUBLIC 


WORKS (cross references thereunder); STREET... 
TRAFFIC, STREET; and similar relative subjects 
MUNICIPALITIES 
See CITIES 


NATIONAL DEFENSE 

See cross references under MILITARY ENGINEERS AND ENGINEERING 
NAVAL TRAINING STATIONS 

See CAMPS AND CANTONMENTS, MILITARY 
NAVIGATION 


See CANALS; CHANNELS references thereunder) DAMS; FLOODS; 
HARBORS; LAKES; RIVERS; RIVER VALLEY AUTHORITIES; 
WATER WATERWAYS (cross references. there- 


NOMENCLATURE 
See TERMINOLOGY 
NOMOGRAPHS 


“Nomographic Analysis Rectangular Sections Reinforced 
Linton, 107. Discussion: Maurice Barron, Hirschthal, Winfield Mc- 
Cracken, King Burghardt, Robert Hauer, and 


Procedure for constructing nomograms for any formula containing four variables, 
116. 


NOZZLES 

WATER, FLOW OF, THROUGH ORIFICES 
ORIFICES 

See WATER, FLOW OF, THROUGH ORIFICES 
OSCILLATION 

See VIBRATION 


PAVEMENT AND PAVING (General) 


Accumulation moisture under pavements, including desert conditions, 573. 
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“Development CBR Flexible Pavement Design Method for Airfields”: Sym- 
posium, Gayle McFadden and Thomas Pringle, Porter, Middle- 
brooks and Bertram, William Jervis and Joseph Eustis, 
Porter, Ralph Hansen, John Griffith, Redus, Jr., Foster, 
Boyd and Foster, and Turnbull, 453. Discussion: Miles Kersten; 
Tom Stallworth; Robert Horonjeff; John O’Mara; Krynine; and 
Gayle McFadden and Thomas Pringle, Porter, Middlebrooks 
and Bertram, William Jervis and Joseph Eustis, Porter, 
Ralph Hansen, John Griffith, Redus, Jr., Foster, Boyd 
and Foster, and Turnbull, 555. 

PAVEMENT AND PAVING; BITUMINOUS 

“Roads and Pavements, Sampson Naval Training Station,” Feld (with dis- 
cussion), 1065. 

PERMEABILITY MATERIALS 

See STRENGTH MATERIALS; also under type material, for example, 
SOILS 

PHOTOGRAMMETRY 

See SURVEYS AND SURVEYING, AERIAL 
PHOTOGRAPHY, AERIAL 

See SURVEYS AND SURVEYING, AERIAL 
PILES AND PILE DRIVING 

“Analysis Pile Foundations with Batter Piles,” Hrennikoff, 351. Discussion: 
Jacob Karol, Owen Lake, George Murphy, and 375. 

Bearing power and heave friction pile, 316, 324. 

“Effect Driving Piles Into Soft Clay,” Cummings, Kerkhoff, and 
Peck, 275. Discussion: Leonardo Jacob Feld; Joseph Fegan; 
Gregory Tschebotarioff; Philip Rutledge; Skempton; James 
Schuyler; Kantey; Krynine; Robert Legget; Stuart Avery, 
Jr., and Stanley Wilson; George Freeman and James Parsons; 
LeRoy Crandall; Housel; and Cummings, Kerkhoff, and 
Peck, 286. 

Vertical movement foundation clay graphically compared with number piles 
driven, 327. 

PIPE LINES 
Valves for Steel Pipe Lines,” John Parmakian, 438. Discussion: 
Evans, 
PITOT SPHERES 
See METERS AND METERING, CURRENT 
PITOT TUBES 
See METERS AND METERING, CURRENT 
PLANTS (industrial buildings and equipment) 

See INDUSTRIAL PLANTS (cross references thereunder) also under type 

plant 
PLYWOOD 

Plywood Beams Due Moisture Content Change,” Wilson 

and Laurence Olson (with discussion), 959. 
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PORTS 
See AIRPORTS; HARBORS 


POWER (General) 

See BEARING CAPACITY; COMPRESSED AIR; DAMS; DYNA-. 
ELECTRIC POWER; INSULATORS AND INSULATION; WATER 
POWER 

POWER PLANTS (General) 

Factor safety against resonance, 1037, 1060. 

Frequency analysis beam and girder floors boilerhouses, 1023. 
POWER PLANTS (Geographical) 

Texas 

Location of, and hydroelectric power utilization of, North Texas Interconnected 
System and other electric utilities, 851, 857. 
PRECIPITATION 
See RAINFALL 
PRESIDENTIAL ADDRESSES (American Society Civil Engineers) 

See AMERICAN SOCIETY CIVIL ENGINEERS—Addresses; see also 

under subject address 
PRESSURE 
See ATMOSPHERIC PRESSURE; EARTH PRESSURE; STRESS AND 
STRAIN; WATER PRESSURE; WIND PRESSURE 

PRESSURE CELL TESTS 

See and Testing 
PROBABILITY, THEORY 

“Stream Flow Variability,” Lane and Kai Lei (with discussion), 1084. 
PUBLIC LAND... 

See also SURVEYS AND SURVEYING 
PUBLIC LAND LAW 

“Cadastral Surveys and Resurveys,” Horton, Jr. (with discussion), 52. 
PUBLIC UTILITIES 

See ELECTRIC POWER; POWER PLANTS; RAILROADS; RATE MAK- 
ING; SUBWAYS; WATER POWER 


PUBLIC WORKS 


See RIVER VALLEY AUTHORITIES; also under type 
structure project 
PUMICE 


New Mexico chief United States source pumice with tabular comparison 
chemical characteristics, 604. 
RAILROADS (General) 
See FREIGHT; SUBWAYS 


RAILROADS, ELEVATED 


“The Relation Urban Expressways Mass Transportation Facilities,” Curtis 
Bradfield (with discussion), 155. 
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RAINFALL (General) 
See also DRAINAGE; FLOODS; RUNOFF 
RAINFALL (Geographical) 
Texas 
Rainfall characteristics Texas areas, 852. 


RAPID TRANSIT 
See RAILROADS, ELEVATED; SUBWAYS 


RATE MAKING 
“The Logical System Freight Rates,” Charles Hall (with discussion), 33. 


REPORTS COMMITTEES 


‘See AMERICAN SOCIETY CIVIL ENGINEERS—Committee 
see also under subject report 


RESERVOIRS (General) 


See also COSTS, RESERVOIR; DAMS; LAKES; SEDIMENT SEDI- 
MENTATION; SILT AND SILTING, RESERVOIR; WATER STOR- 
AGE (cross references thereunder) 

Early lack provision for, and effect reservoir development on, fish and wild- 
life, 801, 866. 

Recreational possibilities reseryoirs becoming recognized, 802, 871. 


RESERVOIRS, FLOOD CONTROL 


Bowden, Albert Cochran, Robert Pafford, Jr., Wesley 
Nelson, Thomas, Robert Luccia, Rudolph Dieffenbach, Conrad 
Wirth, Merrill Bernard, Don McBride, and Raymond Hill, 
Herman Hilton, Wesley Gilbertson, Roger Amidon, C.. Bishop, 
Davison, John Cotton, Abraham Streiff, Dana Wood, and Clarence 
Jarvis, 893. 

RESERVOIRS, MULTI-PURPOSE 

Effect reseryoir development fish and wildlife, 866. 

“Multiple-Purpose Reservoirs”: Symposium, Malcolm Elliott, Debler, 
Nicholls Bowden, Albert Cochran, Robert Pafford, Jr., Wesley 
Nelson, Thomas, Robert Luccia, Rudolph Dieffenbach, Conrad 
Wirth, Merrill Bernard, Don McBride, and Raymond Hill, 789. Discussion: 
Herman Hilton, Wesley Gilbertson, Roger Amidon, Bishop, 


Davison, John Cotton, Abraham Streiff, Dana Wood, and Clarence 
Jarvis, 893. 


Tennessee River System projects operation and under construction, 1946, 804. 
Tennessee River System storage and runoff statistics, 
RESERVOIRS, WATER STORAGE 


“Multiple-Purpose Reservoirs”: Symposium, Malcolm Debler, 
Nicholls Bowden, Albert Cochran, Robert Pafford, Wesley 
Nelson, Thomas, Robert Luccia, Rudolph Dieffenbach, 
Wirth, Merrill Bernard, Don McBride, and Raymond Hill (with discussion), 
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RESONANCE 
See VIBRATION 


RIGID FRAMES 
See STRUCTURES, Rigid; see also STRESS AND 
STRAIN—Frames, Rigid 
RIVER BASINS 
See COSTS, RIVER RAINFALL; RESERVOIRS; RIVER 
VALLEY AUTHORITIES; VALLEYS 
RIVER REGULATION 
See RESERVOIRS, WATER STORAGE; RIVERS; RIVER VALLEY 
AUTHORITIES; WATER, FLOW OF, OPEN CHANNELS 
RIVERS (Geographical) 
Androscoggin River, Maine 
State Maine legal proceedings alleviate river water pollution paper 
mill wastes, 1293. 
Cauca River, Colombia 
Flow variations relation watershed size, 1109. 
Columbia River 
See COSTS, RIVER BASIN DEVELOPMENT AND IMPROVEMENT 
Missouri River 
“Multiple-Purpose Reservoirs”: Symposium, Malcolm Elliott, Debler, 
Nicholls Bowden, Albert Cochran, Robert Pafford, Jr., Wesley 


Wirth, Merrill Bernard, Don McBride, Raymond Hill (with discus- 
sion), 789. 
Work United States government agencies Missouri River Basin Project, 
56, 62. 
Susquehanna River 
Monthly precipitation, runoff, temperature, and flow variability index for the 
Susquehanna River, 1129. 
Tennessee River 
“Multiple-Purpose Reservoirs”; Symposium, Malcolm Elliott, Debler, 
Nicholls Albert Cochran, Robert Pafford, Jr., Wesley 
Nelson, Thomas, Robert Luccia, Rudolph Dieffenbach, Conrad 
Wirth, Merrill Bernard, Don McBride, and Raymond Hill (with dis- 
cussion), 789. 
United States 
“Stream Flow Variability,” Lane and Kai Lei (with discussion), 1084. 
RIVER VALLEY AUTHORITIES 
Missouri River control and reservoir plans, 825, 873, 875. 


“Multiplé-Purpose Symposium, Malcolm Elliott, Debler, 
Nicholls Bowden, Albert Cochran, Robert Pafford, Jr., Wesley 
Nelson, Thomas, Robert Luccia, Rudolph Dieffenbach, Conrad 
Wirth, Merrill Bernard, Don McBride, and Raymond Hill (with discus- 

sion), 789. 
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ROADS 
See HIGHWAYS AND ROADS 
RUNOFF (General) 
See also FLOODS; PROBABILITY, THEORY OF; RAINFALL 
“Stream Flow Variability,” Lane and Kai Lei (with discussion), 1084. 
RUNOFF (Geographical) 
Missouri River 
Normal and extreme monthly runoff, Missouri River, Fort Randall dam 
site South Dakota, 828. 
South Dakota 
Variations annual runoff Yankton, South Dakota, years 1900-1940, 829. 
RUNWAYS 
See AIRPORTS 
SAND 


“Modern Concepts Applied Concrete Aggregate,” Blanks (with discus- 
sion), 403. 


SANITATION 


See DRAINAGE; DUST CONTROL; INDUSTRIAL WASTE; 


SEAPORTS 
See HARBORS 
SEDIMENT AND SEDIMENTATION 


See also SILT AND SILTING TURBULENCE 
Three problems relative sedimentation planning multiple-purpose reservoirs, 
896, 897. 
SEISMOLOGY 


See EARTHQUAKES 


SETTLEMENT STRUCTURES 
See BEARING CAPACITY; SOILS 
SEWAGE DISPOSAL (General) 
Sewage treatment works military installations, 1269. 
Bibliography 
Sewage treatment the decade ending with the year 1949, 1296. 
SEWAGE DISPOSAL (Geographical) 
Los Angeles, Calif. 
“Some Effects.of Anaerobic Digestion Sewage Sludge,” Rawn and 
Candell (with discussion), 181. 
United States 
“Advances Sewage Treatment the Decade Ending with the Year 1949”: 
Report the Committee the Sanitary Engineering Division Sewerage 
and Sewage Treatment, Sherman Chase, Wellington Donaldson, Linn 


Enslow, Keefer, Reinke, Willem Rudolfs, Singleton, 
Veatch, Langdon Pearse, Chairman, 1261. 
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SEWAGE DISPOSAL LAW 


“Advances Sewage Treatment the Decade Ending with the Year Re- 
port the Committee the Sanitary Engineering Division Sewerage and 
Sewage Treatment, Sherman Chase, Wellington Donaldson, Linn Enslow, 
Langdon Pearse, Chairman, 1261. 


SEWAGE SLUDGE 


See also AERATION COSTS, SEWAGE SLUDGE; SEWAGE DISPOSAL; 
TANKS, SLUDGE DIGESTION 


“Advances Sewage Treatment the Decade Ending with the Year 1949”: Re- 
port the Committee the Sanitary Engineering Division Sewerage and 
Sewage Treatment, Sherman Chase, Wellington Donaldson, Linn Enslow, 


Langdon Pearse, Chairman, 1261. 


Grease content reduction during anaerobic digestion, 191. 


“Some Effects Anaerobic Digestion Sewage Sludge,” Rawn and 


Bibliography 


Sludge processing trends and problems the decade ending with the year 1949, 
1296. 


SHALE 


and Pavements, Sampson Naval Training Station,” Jacob Feld (with dis- 
cussion), 1065. 


SHEAR 
“Development CBR Flexible Pavement Design Method for Airfields”: Sym- 
posium, Gayle McFadden and Thomas Pringle, Porter, Middle- 
brooks and Bertram, William Jervis and Joseph Eustis, 
Porter, Ralph Hansen, John Griffith, Redus, Jr., Foster, 
Boyd and Foster, and Turnbull (with discussion), 453. 
SHELL STRUCTURES 


See FLUMES; PIPE LINES; THEORY Struc- 
tures 


SILLS 


“Control the Hydraulic Jump Sills,” John Forster and_ 
Skrinde (with discussion), 973. 


SILT AND SILTING (General) 
See SEDIMENT AND SEDIMENTATION 
SILT AND SILTING, RESERVOIR 


“Multiple-Purpose Reservoirs”: Symposium, Malcolm Elliott, Debler, 
Nicholls Bowden, Albert Cochran, Robert Pafford, Wesley 
Nelson, Thomas, Robert Luccia, Rudolph Dieffenbach, Conrad 
Wirth, Merrill Bernard, Don McBride, and Raymond Hill (with discus- 
sion), 789. 


q 
3 
| 
| 
q 
| 
q 
4 
‘ 
‘ 
4 
3 


1338 SUBJECT INDEX 


SLUICES 
See also FLUMES 


Schematic representation flow from, and discharge characteristics of, sub- 
merged sluice gate, 688, 691. 


SOILS 


See also BEARING CAPACITY; CLAY; DRAINAGE; EARTH PRES- 
SURE; EROSION FOUNDATIONS ... GRAVEL; LAND 
RECLAMATION; PAVEMENT AND PAVING; SAND; SEDIMENT 
AND SEDIMENTATION; SHALE; SILT AND SILTING... 


Classification 


Mechanical analysis diagram for construction materials, United States Bureau 
Soils 495. 


Compaction. See BEARING CAPACITY 
Tests and Testing 
Compaction requirements prevent excessive consolidation, 503. 


“Development CBR Flexible Pavement Design Method for Airfields”: 
Symposium, Gayle McFadden and Thomas Pringle, Porter, 
Middlebrooks and Bertram, William Jervis and Joseph Eustis, 
Boyd and Foster, and (with discussion), 453. 


“Effect Driving Piles into Soft Clay,” Cummings, Kerkhoff, and 
Peck (with discussion), 275. 


Summaries and pressure cell data flexible pavement 
tests, Marietta, Georgia, 512, 587. 


SPACE STRUCTURES 
See STRUCTURES, THEORY WIND PRESSURE 
STEEL 


See STRESS AND STRAIN—Steel; also under specific structure structural 
part 


STIFFNESS 


“End Restraints Truss Members,” Harold Wessman 
Kavanagh (with 1135. 


STILLING BASINS 
See WATER, FLOW OF, OVER DAMS AND WEIRS 
STONE 


“Modern Concepts Applied Concrete Aggregate,” Blanks (with discus- 
sion), 403. 


STORAGE 

See RESERVOIRS WATER (cross references theréunder) 
STORMS 

See RAINFALL; 


STORM WATER 
See DRAINAGE; 


‘ 
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STRAIN 
See STRESS AND STRAIN 
STREAM FLOW 
See WATER, FLOW OF, OPEN CHANNELS 
STREETS 
Safety 
Urban traffic accident tendency night and day hour occurrence, 
173. 
STREET TRAFFIC 
See TRAFFIC, STREET 
STREET TRANSPORTATION 
“Cities Cannot Live Without Trucks,” Hoy Stevens (with discussion), 
“The Relation Urban Expressways Mass Transportation Facilities,” Curtis 
Bradfield (with discussion), 155. 
STRENGTH MATERIALS 


See also FAILURES STRESS AND STRAIN;; also under specific mate- 
rial (see list under MATERIALS also 
under fabricated structure structural part, for example, AIRPORTS 

Peck (with discussion), 275. 

Strength control pumice concrete, 590, 601. 

STRESS AND STRAIN 

See also EARTH PRESSURE; EARTHQUAKES; ELASTICITY; FAIL- 
URES; MOMENTS; STIFFNESS; STRENGTH MATERIALS; 
STRUCTURES, THEORY OF; TEMPERATURE; VIBRATION; WA- 
TER PRESSURE; WHEEL LOADS; 
type stress, for example, BUCKLING; SHEAR 

Arches 

(with discussion), 611. 

Beams (General) 

“Deflection Plywood Beams Moisture Content Change,” 
Wilson and Laurence Olson discussion 
Beams, Continuous 
discussion), 611. 
Bents. See Frames 
Columns 
“Applied Column Theory,” Shanley 698. 


Kavanagh (with 1135. 


Concrete 
Low modulus elasticity pumice concrete, 598, 601. 


“Nomographic Rectangular Sections Reinforced Concrete,” 
Linton (with discussion), 107. 


= 
‘ 
4 
q 
‘ 


1340 SUBJECT INDEX 


Continuous Beams. Beams, Continuous (hereunder) 
Frames, Continuous 


“Continuous Arches and Bents Analyzed Column Analogy,” (with 
discussion), 611. 


Frames, Rigid 


“Continuous Arches and Bents Analyzed Column Analogy,” (with 
discussion), 611. 


“End Restraints Truss Members,” Harold Wessman and Thomas 
Kavanagh (with discussion), 1135. 


Metals 
“Applied Column Theory,” Shanley (with discussion), 698. 
Piles 
“Analysis Pile Foundations with Batter Piles,” Hrennikoff (with discus- 
sion), 351. 


“Effect Driving Piles Into Soft Clay,” Cummings, Kerkhoff, and 
Peck (with discussion), 275. 


Plywood 


Plywood Beams Due Moisture Content Change,” 
Wilson and Laurence Olson (with discussion), 959. 


Reinforced Concrete. See Concrete (hereunder) 
Rigid Frames. See Frames, Rigid (hereunder) 


Steel 

“Nomographic Analysis Rectangular Sections Reinforced Concrete,” 
Linton (with discussion), 107. 
STRUCTURES (General) 

See MODELS, STRUCTURAL; STRESS AND STRUCTURES, 
THEORY OF; also under specific type structure related 
subject; also under general types structures 

STRUCTURES, SETTLEMENT 

See BEARING CAPACITY; SOILS 


STRUCTURES, THEORY 
See also STRESS AND STRAIN;; also under type structure structural part 
Arches 


“Continuous Arches and Bents Analyzed Column Analogy,” Yu, 611. 
Discussion: Jack Benjamin, Leslie Meszaros, Eremin, 
Polivka, Powell Tsu, and Yu, 629. 


Beams and Girders (General) 


“Deflection Plywood Beams Due Moisture Content Change,” Wilson 
and Laurence Olson (with 959. 


Beams, Continuous and Girders, Continuous 


“Continuous Arches and Bents Analyzed Column Analogy,” (with 
discussion), 611. 
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Columns 


“Applied Column Theory,” Shanley, William Os- 
good, Plessis, Jacob Karol, Popov, Jack Benjamin, Herbert 
Sawyer, Hartmann, and Shanley, 728. 
Concrete, Reinforced 
“Nomographic Analysis Rectangular Sections Reinforced Concrete,” 
(with discussion), 107, 
Frames (General) 


“Frequency Analysis Beam and Girder Floors,” Hans Bleich (with dis- 
cussion), 1023. 


Frames, Continuous 


“Continuous Arches and Bents Analyzed Column Analogy,” (with 
611. 


“End Restraints Truss Members,” Harold Wessman and Thomas 
Kavanagh (with discussion), 1135. 
Frames, Rigid 
“Continuous Arches and Bents Analyzed Column Analogy,” (with 
discussion), 611. 


“Wind Stresses Semi-Rigid Connections Steel Framework,” Basil Souroch- 
nikoff, 382. Batho, Murphy, and Basil Sourochni- 
koff, 394. 


Girders. Beams and Girders (hereunder) 
Pile Foundations 


“Analysis Pile Foundations with Batter Piles,” Hrennikoff (with discus- 
sion), 351. 


Shell Structures 
“Air-Inlet Valves for Steel Pipe Lines,” ohn Parmakian (with discussion), 


STRUTS 
See COLUMNS 


SUBSIDENCE 
See LAND SUBSIDENCE 


SUBWAYS 
“The Relation Urban Expressways Mass Transportation Facilities,” Curtis 
Bradfield (with discussion), 155. 
SURFACE RUNOFF 
RUNOFF 
SURVEYING LAW 
Importance monuments describing property deeds, 265. 
SURVEYS AND SURVEYING (General) 


“Cadastral Surveys and Resurveys,” Horton, Jr., 52. Discussion: Scott 
Stewart and Clarence Jarvis, Roger Amidon, William Bandy, 
Carpenter, and William Richards, 58. 


Land titles relation cadastral public land survey United States Bureau 
Land Management, 54, 62. 
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SURVEYS AND SURVEYING, AERIAL 


See also COSTS, SURVEY AND SURVEYING (AERIAL SURVEYING) 
MAPS AND MAPPING, AERIAL 


“Photogrammetric Space Resection,” Carl Chow, 235. 


“Photogrammetry, Postwar,” Leon Eliel, 445. Discussion: Eaton, 
452. 


The “Sonne” strip camera new development World War II, 446. 

“Tri-Metrogon” aerial photography World War II, 446. 
SURVEYS AND SURVEYING, MINE 

“Mineral Land Surveys,” Arthur McNair (with discussion), 200, 
SURVEYS AND SURVEYING, PLANE 


Itemized list equipment and methods location surveys lands, 206. 


“Mineral Land Surveys,” Arthur McNair, Discussion: Charles Eager, 
Robert Lenon, John Meldrum, Arthur Kidder, and Arthur McNair, 227. 


“Property Surveys Must Fit Their Titles,” William Wattles, 260, Discussion: 
Robert Borg, Bauer, Carroll, Henry Southerland, Jr., 
and William Wattles, 265. 


Title claims relation mineral land surveys, 201. 
SURVEYS AND SURVEYING, TOPOGRAPHIC 
“Photogrammetry, Postwar,” Leon Eliel (with discussion), 445. 
TANKS, SLUDGE DIGESTION 
Four-stage sewage sludge digestion tanks, Los Angeles County, California, 182, 192. 
TEMPERATURE 


Plywood Beams Due Moisture Content Change,” 
and Laurence Olson (with discussion), 959. 


TENNESSEE VALLEY AUTHORITY 
See RIVER VALLEY AUTHORITIES 
TENSION 
See STRESS AND STRAIN 


TERMINOLOGY (Arranged hereunder specific comprehensive subject word 
when possible) 


Boundaries landed property, 261. 
Columns (short column usage criticized and defended 704, 738. 


Government defined the director the Armour Research 
Illinois, 884. 


Pile and foundation constants, 355, 356. 


Reservoirs (variance usage term multiple-purpose reservoir among engineers 
and others), 790, 888. 


Thermo-osmosis phenomenon its relation the second law 
574. 


Variability index defined, 1125. 
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Water flow. three-dimensional flow), 766. 


Water flow open channels (“nonuniform” flow compared with 


flow), 72. 
TESTS AND TESTING 
See BUCKLING; ELASTICITY; FAILURES... SHEAR; 
STRENGTH MATERIALS; STRESS AND STRAIN; 
TURES, THEORY OF; also under material, structure structural part 
tested, for example, SOILS 


THEORY ELASTICITY 
See ELASTICITY 


THEORY FLUTTER 
See BRIDGES, SUSPENSION 


THERMAL DEFORMATION 
See TEMPERATURE 


TORNADOES 
See WIND PRESSURE 


TRAFFIC (General) 
See also FREIGHT STREETS—Safety; WHEEL LOADS 


TRAFFIC ACCIDENTS 
See 


TRAFFIC, HIGHWAY AND ROAD 
“Cities Cannot Live Without Trucks,” Hoy Stevens (with discussion), 131. 


TRAFFIC, LAKE 
“Duluth-Superior Harbor,” Heston Cole (with discussion), 145. 


TRAFFIC, STREET 

Average vehicular inbound and outbound speeds, 1930, relation downtown 
business proximity, 171. 

“Cities Cannot Live Without Trucks,” Hoy Stevens, 131. Discussion: Harold 
Lewis, John Miller, Nees, and Hoy Stevens, 137. 

Daily truck traffic and out Chicago, 131. 

“The Relation Urban Expressways Mass Transportation Facilities,” Curtis 
Bradfield, 155. Elmer Steigelman, Harold 
Barnett, Ralph Jones, and Curtis Bradfield, 163. 


TRANSPORTATION 


See CANALS; COSTS, TRANSPORTATION; FREIGHT; LAKES; PIPE 
LINES; RAILROADS ... RIVERS; STREET TRANSPORTATION 
SUBWAYS; TRAFFIC WATER TRANSPORTATION; WATER- 
WAYS (cross references thereunder) 


TRUCKING 
See STREET TRANSPORTATION 
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TRUSSES (General) 
“End Restraints Truss Harold Wessman and Thomas 
Kavanagh, 1135. Discussion: Jack Benjamin, George Winter, Abraham 


Slavin, Edmund Fitzgerald, Joseph Newell, Charles Dohn, and Harold 
Wessman and Thomas Kavanagh, 1154. 


TUBES 
See NOZZLES (cross reference thereunder); PIPE LINES; PITOT TUBES 


(cross reference STRUCTURES, THEORY 
tures; SUBWAYS; TUNNELS; WATER, FLOW OF, PIPES 


TUNNELS (General) 
See also SUBWAYS 
Location surveys for tunnel sites, 212. 
TURBULENCE 
See also FRICTION ... HYDRAULIC JUMP; WATER, FLOW 


“Diffusion Submerged Jets,” Albertson, Dai, Jensen, and 
Hunter Rouse (with discussion), 639. 


“An Engineering Concept Flow Pipes,” Charles Harris (with 
909. 


“Flow Around Bends Open Flume,” Ahmed Shukry (with discussion), 751. 

UPLIFT, HYDROSTATIC 
See WATER PRESSURE 
See CITIES 
VALLEYS (General) 
See also DRAINAGE 
VALLEYS (Geographical) 

Tennessee River Valley 

“Multiple-Purpose Reservoirs”: Symposium, Malcolm Elliott, Debler, 
Nicholls Bowden, Albert Cochran, Robert Pafford, Jr., Wesley 


Nelson, Thomas, Robert Luccia, Rudolph Dieffenbach, Conrad 


Wirth, Merrill Bernard, Don McBride, and Raymond Hill (with discus- 
sion), 789. 


VALVES 


“Air-Inlet Valves for Steel Pipe Lines,” John Parmakian (with discussion), 438. 
VIBRATION 


“Aerodynamic Theory Oscillations,” Steinman (with discussion), 
1180. 


Factor safety against resonance, 1037, 1060, 


“Frequency Analysis Beam and Girder Floors,” Hans Bleich, 1023. Dis- 
cussion: Robert Hauer, and Hans Bleich, 1062. 


VIRTUAL WORK, PRINCIPLE 


“Continuous Arches and Bents Analyzed Column Analogy,” (with 
discussion), 


i 
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VISCOSITY 

See also WATER, FLOW 

“An Engineering Concept Flow Pipes,” Charles Harris (with 
909. 

WAR AND ENGINBERING 
See cross references under MILITARY ENGINEERS AND ENGINEERING 
WASTE DISPOSAL 

See INDUSTRIAL WASTE; SANITATION (cross references thereunder) 

See also AERATION; BACKWATER; COSTS ... DAMS; DRAINAGE; 
DROP-DOWN;; EROSION ... FLOODS; FLUMES; GOVERNMENT; 
MATION; METERS AND METERING; PIPE LINES; RAINFALL; 
RESERVOIRS; RUNOFF; SEWAGE DISPOSAL; STORM WATER 
(cross references thereunder) 

WATER, FLOW 

See also FLOODS; FLUMES; FRICTION ... HYDRAULICS; TURBU- 

LENCE; VALVES; VISCOSITY 
WATER, FLOW OF, FLUMES 
See WATER, FLOW OF, OPEN CHANNELS 


WATER, FLOW OF, OPEN CHANNELS 

See also BACKWATER; DURATION CURVES; FLOODS; 
AND METERING, CURRENT; RUNOFF 

“Control the Hydraulic Jump Sills,” John Forster and 
Skrinde (with discussion), 973. 

“Flow Around Bends Open Flume,” Ahmed (with discussion), 751. 

“Integrating the Equation Nonuniform Flow,” Von Dis- 
cussion: Philip Kirpich, Paul Hodges, Davison, Steponas Kolupaila, 
William Mitchell, Francis Escoffier, Guy Thatcher, Chesley Posey, 
and Von Seggern, 89. 

Integration method solving nonuniform flow problems ordinary canals, 83. 

“Stream Flow Variability,” Lane and Kai Lei, 1084. Discussion: Ven 
Chow, Dana Wood, Alden Foster, Ospina and Tama, Raphael 
Schuleen, and Lane, 1099. 

Variability index determinations for 224 rivers United States, with drainage 
areas and periods record indicated, 1089. 

WATER, FLOW OF, PIPES 

“Air-Inlet Valves for Steel Pipe Lines,” John Parmakian (with discussion), 

“An Engineering Concept Flow Pipes,” Charles Harris, 909. Discussion: 
Hickox, James Halsey and William Owen, Tsen-Ding Chen, Lynn Perry, 
Andre Jorissen, Weston Gavett, Arthur Collins, and Charles Harris, 
932, 
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Percentage comparison formulas for friction loss, 949. 
Roughness relation changing the resistance laminar flow, 910. 
smooth pipe formula recommended for rough pipes, under certain circumstances, 
918. 
WATER, FLOW OF, OVER DAMS AND 


“Control the Hydraulic Jump John Forster and 
Skrinde (with discussion), 973. 


Experimental and theoretical curve ranges hydraulic jump testing techniques 
related rational design stilling basins, 996, 1014. 


WATER, FLOW OF, THROUGH ORIFICES 
“Diffusion Submerged Jets,” Albertson, Dai, Jensen, and 
Hunter Rouse, 639. Discussion: James Holdhusen; Duilio Citrini; Stanley 
Corrsin; Douglas Baines; Abraham Streiff; Harold Henry; and 
Albertson, Dai, Jensen, and Hunter Rouse, 665. 
WATER, FLOW OF, THROUGH SHORT TUBES AND NOZZLES 
See WATER, FLOW OF, THROUGH ORIFICES 
WATER POLLUTION 
See AERATION; INDUSTRIAL WASTE; SEWAGE DISPOSAL 
WATER POWER (General) 


See also DAMS; ELECTRIC POWER; POWER PLANTS; RIVER 
LEY AUTHORITIES 


Nicholls Bowden, Albert Cochran, Robert Pafford, Jr., Wesley 
Nelson, Thomas, Robert Luccia, Rudolph Dieffenbach, Conrad 
Wirth, Merrill Bernard, Don McBride, and Raymond Hill (with discus- 
sion), 789. 


WATER POWER (Geographical) 
United States 


Federal Power Commission influence design and -operation 
purpose reservoirs relation conservation water power resources, 860. 


WATER POWER LAW 

Summary federal and certain state laws enacted since 1866, 797, 860. 
WATER PRESSURE 

Valves for Steel Pipe Lines,” John Parmakian (with discussion), 438. 


Hunter Rouse (with 639. 


WATERSHEDS 
See DRAINAGE; RAINFALL; 
WATER STORAGE 


See COSTS, WATER STORAGE; LAKES; RESERVOIRS, WATER 
STORAGE 


WATER, STORM 
See DRAINAGE; 
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WATER SUPPLY (General) 

See also DAMS; FLOODS; IRRIGATION METERS AND METERING; 
PIPE LINES; RAINFALL; SILT AND SILTING; WATER (related 
subject headings 

WATER SUPPLY (Geographical) 

Western States 

Weather Bureau water supply forecasting procedure for 
WATER TRANSPORTATION (General) 

See also CANALS; CHANNELS (cross references thereunder) DOCKS AND 

WHARVES; FREIGHT; HARBORS; LAKES; RIVERS 
WATER TRANSPORTATION (Geographical) 

Lake Superior 

“Duluth-Superior Harbor,” Heston Cole (with discussion), 145. 
WATERWAYS 


See CANALS; CHANNELS (cross references thereunder); DOCKS AND 
WHARVES; HARBORS; LAKES; RIVERS; WATER 
TION 


WATERWORKS 
See DAMS; PIPE LINES; RESERVOIRS SEDIMENT AND SEDI- 
MENTATION; WATER SUPPLY 
WEATHER 
See FLOODS; METEOROLOGY; RAINFALL; TEMPERATURE; WIND 
PRESSURE 
WHEEL LOADS 


Design curves for single wheel loads and very heavy multiple wheel assemblies, 
with tabulated findings, 526, 534. 

“Development CBR Flexible Pavement Design Method 
posium, Gayle McFadden and Thomas Pringle, Porter, Middle- 
brooks and Bertram, William Jervis and Joseph Eustis, 
Porter, Ralph Hansen, John Griffith, Redus, Jr., 
Boyd and Foster, and Turnbull (with discussion), 

Graphical correlation CBR design curves with field data relation 
pavement design method for airfields, 531. 


WILDLIFE 
See under relative technical subject, for example, RESERVOIRS 
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